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Abstract
It is difficult to imagine a world without sensors. We are surrounded by sensors Sensors

almost constantly. Consumer electronics, cars, trains, medical diagnostic applica-
tions or automation techniques are just a few examples of devices that are packed
with sensors in order to increase functionality. The success of sensors has been

Miniaturizationmade possible by continuous system miniaturization over the last few decades.
The driving factors behind miniaturization are cost reduction and increase of de-
vice functionality at similar or smaller size. The main enablers of miniaturization
are novel materials and new process technologies.

This work reports on further miniaturization of membrane based pressure sen-
sors which is made possible by the use of nanoscaled single walled carbon nano-
tube (SWNT) piezoresistive transducer elements. Design, fabrication and cha-
racterization of pressure sensors with diameters down to 40 µm are presented.
The ultra small sensors made of circular SiO2/Al2O3 thin film membranes show Ultra Small

Sensorslinear pressure-resistance transfer characteristics. The strain gauge element is
a long channel (L = 1.5 µm) and large diameter (d = 2.1 nm) SWNT transis-
tor with a side gate as the third terminal. The measured sensor performance
are maximum output sensitivity, So = 0.15 ± 0.015∆R/R/bar and a resolution
of 15 mbar, which are achieved by the high piezoresistance of the SWNT strain
gauge with gauge factors (GFs) up to GF = 450± 54, at the same time the power
consumption of ∼100 nW is exceptionally low for piezoresistive sensors. The
measured pressure range is between pmin = 0 mbar and pmax = 200 mbar. pmax
corresponds to a maximum applied strain, ǫ at the location of the strain gauge of
ǫmax = 4.6 · 10−5.

These final sensor results could only be achieved through a series of incremen-
tal development steps of process technologies for carbon nanotube based electro-
nics. First, a stable fabrication process for SWNT field effect transistors (CNFETs) Process

Developmenthas been developed. The fabrication process is based on CVD growth of SWNTs,
contacting the SWNT channel by source and drain metal electrodes and encap-
sulation by a dielectric layer to protect them from the ambient. Second, CNFETs Carbon

Nanotube
Transistors

are thoroughly characterized by electrical measurements. Encapsulated CNFETs
show n-type uni- or ambipolar Ids-Vg gate characteristics. Their low frequency
1/ f noise amplitudes are between 10−6 and 10−3, depending on the SWNT type
and measurement location of the Ids-Vg- characteristics. Long term stability of
encapsulated CNFETs is demonstrated over a period of 260 days. Moreover, CN-
FETs made of large diameter SWNTs contacted by Pd metal show reproducible
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Abstract

contact properties.
Piezoresistive properties of semiconducting SWNTs (s-SWNTs) and small-bandPiezo-

Resistance gap semiconducting SWNTs (SGS-SWNTs) are thoroughly investigated on five
different pressure sensors with membrane diameters of 80 − 700 µm. In total, 24
CNFETs are electromechanically tested out of which 13 are s-CNFET and 11 are
SGS-SWNTs. Piezoresistive responses are obtained from all 11 SGS-SWNTs but
only from 6 of 13 s-SWNTs. Half of the SGS-SWNTs show positive GFs and half
of them negative GFs.

SGS-CNFET exhibit GF that can be modulated by the applied Vg. MaximumGauge
Factors positive and negative GFs of up to GF = −463 ± 32 are obtained at the off-state

region of CNFETs. This value exceeds GFs of state-of-the-art single crystalline Si
of GF ∼ 200.

GFs are measured on different segments contacted on one long SWNT, whereRepro-
ducibility very similar GF are observed. This observation is a strong indication that the

measured piezoresistive properties of SWNTs are dominated by the change of
intrinsic SWNT properties rather than by random local effects. Preliminary longLong

Term term investigations of the piezoresistive properties of CNFETs over a period of
222 days by means of repetitive electromechanical sensor characterization show
only minor variations of the GF over time.

Finally and most importantly, the signal-to-noise ratio of a sensor is the figureSignal-to-
Noise of merit that relates the sensor sensitivity to the noise floor of the sensing element.

For the first time, SNR measurements of CNFET piezoresistors are shown. It is
observed that the SNR of a SGS-CNFET is maximum at the device off-state, and
it is proposed to operate sensors at this position of the gate characteristics.

The results presented in this thesis provide a powerful motivation to proceed
research on electromechanical properties of CNFETs in the small strain regime .
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German Abstract
Eine moderne, industrialisierte Welt ohne Sensoren ist heutzutage unvorstellbar. Sensoren

Sensoren umgeben uns beinahe überall, meist ohne dass wir uns dessen bewusst
sind. Sie sind beispielsweise in elektronischen Geräten vorhanden, erhöhen die
Sicherheit von Autos und Zügen oder kommen in medizinischen Diagnosege-
räten zum Einsatz. Der Erfolg der Sensorik ist vor allem einer kontinuierlichen Erfolg

Sensor-Miniaturisierung zu verdanken, welche mit Kostenreduktion einher ging.
Generell sind die treibenden Kräfte hinter der Miniaturisierung Kostendruck und
das Kundenbedürfnis von höherer Funktionalität in Endgeräten. Die Wegberei- Miniaturi-

sierungter der Miniaturisierung sind Innovationen in den Materialwissenschaften und
Innovationen in der Prozesstechnologie. Leider stösst die Miniaturisierung mit Grenzen

herkömmlichen Methoden irgendwann an eine Grenze. Um diese Grenzen zu
überwinden sind neue Materialien und neue Prozesstechnologien unabdingbar.
Die Benützung von Nano-Materialien ist ein möglicher Weg, welcher weitere Mi-
niaturisierung erlauben kann.

In der vorliegenden Arbeit wird gezeigt, dass weitere Miniaturisierung von Inhalt

Membran-basierten, piezoresistiven Drucksensoren durch die Verwendung von
einwandigen Kohlenstoff Nanoröhren (SWNTs) ermöglicht wird. Design, Her- Kohlenstoff

Nanoröhrestellung und Charakterisierung von ultra kleinen Drucksensoren mit Membran-
durchmessern von 40 µm werden präsentiert und analysiert. Die Sensormem- Ultra kleine

Druck-
sensoren

bran besteht aus zwei Dünnschicht-Oxiden (SiO2 und Al2O3). Die piezoresisti-
ven Transistoren liegen eingebettet zwischen den beiden Schichten und sind da-
durch von äusseren Einflüssen wie Luftfeuchtigkeit oder Sauerstoff weitgehend
geschützt. Das Länge des Piezoresistors beträgt L = 1.5 µm und der Durch-
messer der Nanoröhre ist d = 2.1 nm. Die Daten des ultra kleinen Sensors sind
wie folgt. Die Sensitivität beträgt So = 0.15 ± 0.015∆R/R/bar und die maxima-
le Auflösung ist 15 mbar, der gemessene maximale Dehnungsfaktor (k-Faktor)
ist GF = 450 ± 54 und der berechnete Leistungsverbrauch des Transistors ist
∼ 100 nW. Der Druckbereich in dem wir den Sensor betrieben haben ist zwi-
schen pmin = 0 mbar and pmax = 200 mbar. Der maximale Differenzdruck ent-
spricht einer maximalen Dehnung des Piezoresistors von ǫmax = 4.6 · 10−5. Die
k-Faktoren übertreffen diejenigen von herkömmlichen Silizium Piezoresistoren
deutlich und der Leistungsverbrauch ist stark reduziert.

Die in dieser Arbeit vorgestellten Resultate von ultra kleinen Drucksensoren Fabrikation

wurden durch konsequente Kontrolle, iterative Verbesserungen bestehender Pro-
zesse und gründlicher Untersuchung der hergestellten Nano-Transistoren und
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German Abstract

Sensoren ermöglicht. Einzelne Schritte aus diesem Prozess, welche wichtige Re-
sultate dieser Arbeit darstellen, werden nun vorgestellt. Die Nanoröhren werden
in einem Gasphasenabscheidungsprozess produziert, worauf sie mit Metallkon-
takten an beiden Enden elektrisch kontaktiert werden. Zum Schluss werden sie
mit Al2O3 eingekapselt und gegen äussere Einflüsse geschützt. Die mittels die-
ses Prozesses hergestellten Transistoren weisen stabile n-leitende Charakteristika
auf. Die Stabilität der Transistoren wurde über einen Zeitraum von mehr als 260
Tagen untersucht. Neben Langzeituntersuchungen wurde auch das niederfre-
quente Rauschverhalten der Transistoren gemessen. Die extrahierten Rauscham-
plituden sind abhängig vom Typ der Nanoröhren und vom Ort auf der Transistor
Charakteristik, an welchem sie gemessen wurden und liegen zwischen 10−6 und
10−3. Ein direkter und aussagekräftiger Vergleich von Rauschdaten gemessen an
Silizium Piezoresistoren mangels Daten ist nicht möglich.

Die piezoresistiven Eigenschaften von 24 halbleitenden SWNTs (s-SWNTs) und
Elektromechanik halbleitenden Nanoröhren, welche eine sehr kleine Bandlücke aufweisen (SGS-

SWNTs) wurden auf fünf verschiedenen Drucksensoren untersucht. Von den 2424
Transistoren ausgemessenen SWNTs, weisen 13 s-SWNT und 11 SGS-SWNT Eigenschaften

auf. Alle 11 SGS-SWNTs zeigen ein piezoresistives Verhalten, wenn sie gedehnt
werden. Die Vorzeichen der k-Faktoren der SGS-SWNTs sind jedoch uneinheit-
lich. Die Hälfte weisen negative und die anderen positive k-Faktoren auf. Die
piezoresistiven Eigenschaften von s-SWNTs und SGS-SWNTs sind verschieden.
Nur 6 von 13 s-SWNTs verhalten sich piezoresistiv.

Der k-Faktor in SWNT Transistoren ist keine konstante Grösse. Er hängt starkk-Faktor

vom gemessenen Ort auf der Transistor Charakteristik ab. Maximale
GF = −463± 32 werden dort gemessen, wo der Transistor-Strom in SGS-SWNTs
minimal ist. Verglichen mit k-Faktoren von kristallinem Silizium sind diese Werte
mehr als doppelt so gross.

Um zu überprüfen ob die k-Faktoren intrinsische Eigenschaften von SWNTs
sind, oder ob diese durch lokale Veränderungen an den SWNTs wegen Inter-
aktionen zwischen den Dünnschichtfilmen und der SWNTs enstehen, wurden
lange SWNTs an verschiedenen Stellen elektrisch kontaktiert. Die k-Faktoren auf
ein und derselben SWNT an unterschiedlichen Positionen gemessen liegen sehr
nahe beisammen. Dieses Resultat lässt den Schluss zu, dass die Piezroesistivität
in SWNTs in der Tat eine intrinsische Eigenschaft von SWNTs ist. Erste Untersu-
chungen an SWNT Piezoresistoren ueber einen Zeitraum von 222 Tage zeigen,
dass die k-Faktoren auch zetilich stabil sind. Eine Eigenschaft die zwingend Not-
wendig ist, um SWNTs in Sensoren einsetzen zu können.

Eine der wichtigsten Kenngrössen von Sensoren ist das Signal-zu-Rausch Ver-
hältnis (SNR). Dies Zahl setzt die Sensitivität (k-Faktor) in Relation zum System-
rauschen. Untersuchungen des Signal-zu-Rausch Verhältnis an SGS-SWNT Pie-
zoresistoren haben gezeigt, dass das Verhältnis am Ort des minimalen Stromes

xii



auf der Transistorkennlinie maximal wird.
Die Resultate, welche in der vorliegenden Arbeit präsentiert werden, stellen

eine grosse Motivation dar, die SWNT Forschung für piezoresistive Sensoren zu
vertiefen und zu intensivieren.
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1 Introduction
The trend toward ever smaller systems with increased functionality has a long
tradition in the history of industrial development. It has not just started as va-
cuum tubes were replaced by transistors after its invention in 1947 and finally
by integrated circuits (ICs) for microelectronics applications which were com-
mercially available after 1961 [1]. One example of early system miniaturization Clocks

are clocks. Large pendulum or church clocks were miniaturized to mechanical
pocket watches in the 16th century by the invention of spring drives1. Further
miniaturization lead to a first mechanical wrist watch in 1906 and new material
innovations soon after to wrist watches driven by quartz oscillators, which be-
came very dominant after Seiko launched the first commercially available quartz
watch in the late 60ies of the last century. The main drivers of this miniaturization
were the need to know the exact time any time at any location, which is today
known as market pull. The main enablers were novel materials and new process
technologies.

In modern times the driving factors behind miniaturization are cost reduction IPod

and increase of functionality for the same size. A nice example is the IPod story 2.
The first IPod marketed in 2001 was a bulky music player that has transformed
within only eight years and over 7 generations into a small interactive multi-
media player. Miniaturization of such consumer electronics is, however, only
possible by combined miniaturization efforts of ICs, disk drives, data storage,
batteries, speakers, sensors, microphones, cables, connectors and many more.

Sensors are becoming central elements in todays devices and systems as en- Sensors

abler for increased functionality. Consequently, the sensor industry tries to meet
system miniaturization requirements by reducing sensor size at reduced cost,
reduced power consumption and increased sensitivity. It is predicted that the MEMS

market for sensors and in particular for miniaturized micro-electromechanical
system (MEMS) sensors will constantly be growing over the next few years3.
MEMS sensors have become important building blocks during the last few de-
cades due to their small size, robustness, low production costs and ease of fa-
brication. The automotive sector has traditionally been and is still an important Automotive

driver for MEMS sensors. On the other side, the market of portable electronics Consumer
Electronics

1 http://de.wikipedia.org/wiki/Taschenuhr
2 http://www.ipodhistory.com/
3 General information on sensor market is found on http://www.researchandmarkets.com. Detailed

market research is only available through payment.
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1 Introduction

is becoming more and more important for MEMS sensors. For example, recent
advances in the development of portable electronics allows accurate locating by
the combined use of global positioning system (GPS) sensors and pressure sen-
sors. At the same time a high consumer demand for pedestrian navigation and
location-based services opens up the consumer electronics mass market for high
sensitive, high resolution and low power pressure sensors for an absolute pres-
sure range between 300 mbar to 1100 mbar. First pressure sensor products basedPortable

Electronics on piezoresistive sensing principle that satisfy demands have recently been put
to the market by Bosch Sensortec (BMP085) and attracted a lot of interest. As
stated in a research report by Frost & Sullivan, “Pressure sensors are gaining im-
portance in the cell phones market in particular, and are expected to be included
in next generation phones for altimeter reading, and possibly even weather fore-
casting capability. The next field of application will be the support of navigation
applications in mobile phones.”1.

The benefits of sensor and system miniaturization are not only increased de-
vice functionality and reduced cost but it is also an enabler for products in new
markets. A popular example are the early integrated circuits that were key en-
abler for the success of the Appollo missions in the 1960ies and 70ies 2.

Medical diagnostics is a market segment with high potential and in particularDiagnostics

invasive diagnostics, where very small implantable or invasive equipment is key.
For example, invasive arterial blood pressure measurements are much more sen-
sitive than non invasive measurements. For that, a cannula needle is placed in an
artery with a pressure sensor mounted at the tip. The smallest available arterial
pressure sensor for animals has a size of 1 French (a cylindrical outer shape with
a diameter of 3 mm)3. Further sensor miniaturization will enable implantable
devices that are even less invasive by maintaining or increasing the sensitivity.

Miniaturization and innovations are, however, not constant processes. They
Miniaturization

Process
occur rather in steps. Obstacles of miniaturization are almost always process
technology and material sciences. Purification methods of Si and material science
were the enabler for the first ICs in microelectronics. Miniaturization of sensor
applications was enabled by MEMS process technology. Current state-of-the-
art materials and processes will eventually come to a point, where further mi-
niaturization is not possible anymore. To overcome this scaling barriers, novel

1 from: http://www.frost.com/prod/servlet/press-release.pag?docid=141509083
2 ”With Apollo, they needed to cut down on weight and power consumption. Mass into space equals

money. It has been and continues to be about $10,000 a pound to get to lower Earth orbit. They
certainly don’t want computers that take up basketball courts. They want something very powerful
and very light that doesn’t take massive power. That was one of the driving requirements that led
to the development of the integrated circuit, where you put all the components on a chip rather
than having a board stuffed with individual transistors and other circuit components.” G. Scott
Hubbart, Professor at Stanford Aero-Astro Department and former NASA Ames Research Center
Director. From: http://tinyurl.com/NASA-IC

3 http://www.adinstruments.com/products/brochures/Hemodynamic_Pressure.pdf
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materials and novel process technologies are required [2, 3]. Nanoscaled mate-
rials have high potential because they can be operated in the quantum regime, in
which new phenomena are existing (e.g. ballistic transport, Coulomb blockade).
Single walled carbon nanotubes (SWNT) are promising molecular nanoscaled
structures showing exceptional electrical, mechanical and electromechanical pro-
perties to be employed in nano electro-mechanical systems (NEMS).

Carbon nanotubes have attracted great interest after their discovery in the form Carbon
Nanotubesof multi-walled carbon nanotubes by Iijima in 1991 [4] followed by single walled

carbon nanotubes in 1993 [5]. Since then, many theoretical and experimental
studies have uncovered and confirmed a wealth of exceptional features of CNTs
from different fields including structural, mechanical, electronic, optical and sen-
sing properties. Research emerged into fundamental investigations of CNT pro-
perties and into research on potential applications. The effort has resulted in sub-
stantial progress and in depth understanding toward CNT based applications.

Development of CNT based process technology and in depth characterization Objectives

are required, in order to enable further system miniaturization by the use of
SWNTs. A first objective of this thesis is therefore to develop an integration pro-
cess to build SWNT based transistors and to characterize these transistors with
respect to electrical performance.

SWNT based transistors are then used as piezoresistive elements in pressure
sensors. A second objective of this thesis is to demonstrate further down scaling
of piezoresistive pressure sensors by using CNFETs as the active sensing element.

A third objective is to further gain knowledge on the behaviour of CNFETs Small Strain

under small strain. So far, the above mentioned piezoresistive properties of
SWNTs were mainly investigated in the large strain regime with strain values
up to ǫ = 3% applied to suspended SWNTs. Only two studies report on the
piezoresistance of CNFETs under small strain (ǫ < 0.2%) [6, 7]. Nevertheless, a
number of possible applications exist, which strongly encourage to further gain
knowledge on the behaviour of CNFETs under small strain. For example, SWNT
transistors may enable radical down scaling of AFM cantilevers. The increased
resonance frequency of smaller cantilevers leads to increased scanning speed,
while at the same time the power consumption is reduced through the use of
nanoscaled piezoresistors.

Before introducing the contents of the thesis, we come back to the initial example Clocks
Revisitedof clock miniaturization. The watch market has gone through immense innova-

tion cycles within only 40 years from the first Seiko quartz watch to present-day,
multi functional and highly specialized watches. Many demands are satisfied:
Today, the functions of watches include mobile phones, GPS devices, altime-
ters, compasses, heart rate monitors, calculators, and many more. This was only
possible due to enormous miniaturization efforts. What will be capabilities of
watches, when process technology with nanoscaled materials becomes mature?

3



1 Introduction

1.1 Contents of the Chapters

The content of the chapters are as follows:

Chapter 2: The chapter starts with a survey of structural and electronic properties of
isolated SWNTs. Electronic dispersion relations of SWNTs, band structures
and density of states of SWNTs are derived. The concept of carbon nano-
tube field effect transistors is introduced. CNFETs are transistors where a
channel made of a semiconducting SWNT is contacted by metal leads at
the outer ends of the channel. A nearby third gate electrode is used to
modulate the channel conductivity. CNFET particularities such as ballistic
transport properties, Schottky barriers that are formed at the contact and
electron scattering within the channel are addressed. A historical review
and state-of-the-art overview of CNFETs for future microelectronics appli-
cations round-off the chapter.

Chapter 3: Intrinsic properties of isolated SWNTs for chemical, bio-chemical, optical,
electromechanical and resonant sensor applications are introduced. Design
rules of CNFETs that are employed in sensors are proposed, which differ
from the design of CNFETs for microelectronics. The basic theory of piezo-
resistance in SWNTs is introduced and a state-of-the-art overview on expe-
rimental results on CNFET electromechanical sensors is given.

Chapter 4: The experimental part of this thesis starts with the introduction of a fabri-
cation process to integrate SWNTs into CNFETs. Then the measurement
methodology for electrical characterization of CNFET gate characteristics
and their low frequency noise is presented. Comparative measurement re-
sults of CNFETs encapsulated by an air-tight barrier and exposed to the
ambient are presented. Characterization of CNFETs with respect to their
contact properties and 1/ f noise is shown, which is followed by long term
investigations and characterizations of CNFETs during a period of more
than 260 days.

Chapter 5: Micromachined pressure sensors with CNFETs as the transducer element
are the main topic of this chapter. The sensor design is based on a circular
double layer thin film membrane of SiO2 and Al2O3. The piezoresistive
CNFETs are embedded at the interface between the bottom SiO2 and top
Al2O3 layer and contacted by metal leads.

Measurement methodologies are then introduced that are used to mecha-
nically characterize sensor membranes by the bulge test and electromecha-
nically characterize CNFET strain gauges.

A micromachining process is presented to fabricate pressure sensors with
CNFETs as the transducer element.
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1.1 Contents of the Chapters

Sensor characterization starts with bulge test measurements of sensor mem-
branes to extract their pressure-deflection characteristics. These characte-
ristics are important for sensor characterization because the strain in the
membrane can be derived from the membrane deflection. FEM simulations
are carried out to extract pressure-strain characteristics of sensor membranes.

A design for ultra small pressure sensors is presented that is based on the
FEM results of the pressure-strain characteristics. Fabrication and charac-
terization of the world’s smallest pressure sensors is subsequently presen-
ted, which demonstrates the feasibility to further downscale CNFET based
pressure sensors.

In addition to the fabrication and characterization of ultra small pressure
sensors, larger pressure sensors are fabricated. The large pressure sensors
are employed to carry out in depth characterization of the piezoresistive
properties of CNFETs in the small strain regime to a level that has not been
achieved in previous investigations. Results include characterization of the
gate voltage dependent strain sensitivity of CNFETs, long term investiga-
tions of CNFET strain gauges and the extraction of the signal-to-noise ratio
in CNFET base electromechanical sensors.
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2 Carbon Nanotube Field
Effect Transistors

Carbon nanotube field effect transistors (CNFETs) are basic electronic building
blocks showing exceptional properties, which makes them promising elements
for future microelectronic and sensor applications. They are made of a nano-
meter sized single walled carbon nanotube (SWNT) as channel material, that is
contacted in a transistor configuration. The main motivation to employ SWNTs
as channel material for nanoscaled transistors and sensors are their remarkable
mechanical, electronic and sensing properties.

This chapter aims to introduce SWNT fundamentals and SWNT transistors. It Content

starts with a survey of structural and electronic properties of isolated SWNTs in
section 2.1. Electronic dispersion relations of SWNTs, band structures and den-
sity of states of SWNTs are derived. Section 2.2 introduces the concept of carbon
nanotube field effect transistors. CNFETs are transistors where a channel made
of a semiconducting SWNT is contacted by metal leads at the ends of the channel.
A nearby third gate electrode is used to modulate the channel conductivity. CN-
FET particularities such as ballistic transport properties, Schottky barriers that
are formed at the contacts and electron scattering within the channel are intro-
duced. A historical review and state-of-the-art overview of CNFETs for future
microelectronics applications are given in section 2.3. More in depth review of
the properties and applications of carbon nanotubes is found in [8–17].

2.1 Survey of Carbon Nanotube Properties

In nature, graphite and diamond are the two most widely encountered types
of crystalline solids made purely of carbon atoms. The two structures show si-
gnificantly different macroscopic electrical, optical and mechanical properties:
Diamond is an insulating, transparent and extremely rigid structure. It is a rare Diamond

and precious stone and an expensive gift. Graphite in contrast, is a conductive, Graphite

black and brittle material. And yet, the two structures are made of carbon and
differ only in the configuration of covalent bonds between neighboring atoms.
These great differences of the two materials are made possible by the very nature
of carbon. In its ground state each carbon atom has four valence electrons (2s2

and 2p2). In diamond the atoms exhibit sp3 hybridization forming a strong co-
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2 Carbon Nanotube Field Effect Transistors

valent tetrahedral network. Graphite is made of numerous mono atomic layers
named graphene, where the carbon bonds form in plane sp2 hybridization and
out-of plane π orbitals. Adjacent graphene sheets are hold together by weak at-
tractive π− π interactions.

During the last few decades two other crystalline carbon based classes were
discovered: Fullerenes and carbon nanotubes [4, 5].

Carbon nanotubes are a class of quasi one-dimensional (1D) structures that are
either made of a single layer of graphene rolled up into a cylinder, also known
as SWNTs or multiple layers of graphene arranged in a concentric cylindricalSWNT

structure, referred to as multi walled carbon nanotubes (MWNTs).MWNT

In this chapter we first introduce the structural properties of graphene and
derive the structure of SWNTs. Then, we introduce and discuss the electronic
properties of graphene and SWNTs.

2.1.1 Structural Properties

The structure of SWNTs is closely related to the 2-dimensional (2D) graphene
sheet. Graphene is made of a single layer of carbon atoms that are arranged
in a hexagonal lattice as shown in figure 2.1(a) with the lattice basis vectors
a1 = a(

√
3/2, 1/2) and a2 = a(

√
3/2,−1/2), where a =

√
3acc is the graphene

lattice parameter and acc = 1.42 Å is the carbon-carbon bond length. A SWNT
can be thought of as a stripe of a graphene sheet that is rolled up into a cylin-
der. Figure 2.1(b) schematically displays a graphene lattice where the highlighted
stripe corresponds to the unrolled SWNT.

The circumferential vector of an SWNT, referred to as chiral vector, is definedChiral
Vector by the cutting angle and the width of the stripe as Ch = n · a1 +m · a2. The indices

n and m are integer values and uniquely define the SWNT. From the length of Ch

the diameter, d, of a SWNT can be estimated byDiameter

d =
|Ch|
π

=
a

π

√

n2 + nm + m2. (2.1)

The angle between the basis vector a1 and Ch is called chiral angle θ and is given
by

cos θ =
a1 · Ch

|a1| · |Ch|
=

2n + m

2
√

n2 + nm + m2
. (2.2)

The value of θ can be restricted to the range of 0◦ ≤ |θ| ≤ 30◦, because of theChiral
Angle symmetry of the graphene lattice. Depending on (n, m) the SWNTs are grouped

into three structural categories. SWNTs with θ = 0◦ (n, 0) are called zig-zag tubesZig-zag

and SWNTs with θ = 30◦ (n, n) are called armchair because of their zig-zag and
armchair pattern around their circumferences. These two types belong to theArmchair

class of achiral CNTs (i.e. hexagons are arranged parallel to the CNT axis). All
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Figure 2.1: (a) Hexagonal gra-
phene lattice with the lattice
vectors a1 and a2 spanning
the graphene unit cell (blue
shaded area). The 2 atoms
of the unit cell are located at
position A and B. Each car-
bon atom has 3 neighbouring
atoms with vector positions
r1, r2 and r3. (b) Hexago-
nal graphene sheet with the
stripe to form a carbon na-
notube highlighted. Rolling
up the stripe and connecting
the left and right edge forms
a carbon nanotube with a
seamless joint. This SWNT
is defined by the Chiral vec-
tor Ch = 6a1 + 3a2. The
translational period is given
by T = 4a1 − 5a2. The unit
cell of carbon nanotubes is
spanned by Ch × T.

other SWNTs with (n, m 6= n 6= 0) are chiral tubes, where a twist is visible in Chiral

direction of the CNT axis.
The unit cell of these one dimensional crystals is also defined by the chiral Unit Cell

indices, (n, m). It is the area spanned by the translational vector, T , and Ch. The
translational vector T is the smallest graphene lattice vector perpendicular to Ch

and it found to be

T = t1 · a1 − t2 · a2, where t1 =
2m + n

N
and t2 =

2n + m

N
, (2.3)

where N is the greatest common divisor of (2m + n) and (2n + m). The number
of carbon atoms per unit cell, Nc can be found by the following expression

Nc = 4(n2 + nm + m2)/N. (2.4)

2.1.2 Electronic Properties

The electronic properties of SWNTs are derived by combining the electronic pro-
perties of graphene with novel boundary conditions due to confining the 2D
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2 Carbon Nanotube Field Effect Transistors

Figure 2.2: First 2D Brillouin zone of gra-
phene (yellow shaded area)with the
high symmetry points K, M, and Γ

and 1D Brillouin zone of a (6,3) car-
bon nanotube (blue parallel lines). b1

and b2 are the reciprocal lattice vec-
tors of graphene corresponding to a1

and a2. The 1D Brillouin zone of
the (6,3) nanotube is defined by 42
parallel lines (here, only 15 are de-
picted). The quantized wave vector
around the SWNT k⊥ and the conti-
nuous wave vector k‖ parallel to the
SWNT axis are displayed. The encir-
cled intersection of line 15 with a K-
point of the graphene BZ renders the
(6,3) SWNT metallic.
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graphene lattice to a stripe of width |Ch| and rolling up that stripe. First, the
unique electronic properties of graphene are highlighted based on a simple nea-
rest neighbour tight binding method from which the SWNT electronic properties
are obtained with a method called zone folding. Then, more properties such as
density-of-states (DOS) and electrical properties as conductance are presented.

In section 2.1.1 it is pointed out that the strong covalent in-plane sp2 bonds
are the main reason for the structural and mechanical properties of graphene and
CNTs. On the contrary, the electronic properties depend almost solely on the delo-
calized π-states that are occupying a wide range of energies around the neutrality
level or Fermi energy, EF.

The electronic dispersion relations of graphene are obtained in the reciprocal k-
space with the lattice vectors b1 and b2 corresponding to a1 and a2

1. The BrillouinBrillouin
Zone zone of graphene has three high symmetry points Γ, K and M as shown in figure

2.2.
In general, the dispersion relations of graphene are found by using the basis

functions of the valence electrons in the graphene unit cell with its two atoms
located in A and B (see figure 2.1(a)), which results in a set of 8 basis function
(2 · 4 valence electrons). Due the orthogonality of the σ and π bonds and due
to the difference in the energies of interest between the σ and π bonds, the pro-
blem can be reduced to two basis vectors for the the bonding π-states and the
anti-bonding π

∗-states. The applied nearest neighbour tight binding method toTight Binding

find the electronic properties of graphene takes only the overlap of direct neigh-
bouring atoms into account, which significantly reduces the complexity of the
problem. At the same time the result is an accurate estimate for the dispersion

1 bj and ai are related by ai · bj = 2πδij, where δij is the Kronecker delta
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Г

Figure 2.3: 3D illustration of the valence and conduction band of graphene in the ortho-
gonal tight binding nearest-neighbour approximation. The valence and conduction
surfaces intersect at 6 distinct points (red areas). The six points - also called Dirac
points or Fermi points (kF), close the gap between the valence and conduction surface
and therefore render graphene a semi-metal. The gray shaded hexagon on the kx − ky

surface depicts the graphene Brillouin zone with its 6 high symmetry points at the
corner (K-points), the Γ-point in the center of the BZ and the M-point in the middle
of each edge. The close up displays the linear dispersion around the kF-points. (Code
adapted from C. Roman)

relations [11]. By employing the above mentioned scheme, the Hamiltonian of an
infinite 2D graphene sheet is extracted (which is reduced to a 2 × 2 matrix) and
by diagonalization the energy eigenvalues (dispersion relations) are expressed
by Dispersion

Relation

E± = ±γ0

√

√

√

√1 + 4 cos

(√
3kxa

2

)

· cos
(

kya

2

)

+ 4 cos2
(

kya

2

)

, (2.5)

where γ0 ∼ 2.7 eV is the transfer integral between first neighbours (also cal-
led hopping integral) and k = (kx, ky) is a momentum vector within the first
Brillouin zone. The positive (E+) and negative (E−) results represent the bon-
ding π states and the anti-bonding π

∗ states, respectively. In figure 2.3 a 3D illus-
tration of the dispersion relations is shown for E+ (upper surface, conduction
band) and E− (lower surface, valence band). At zero temperature the π bands
are fully occupied and the π

∗ unoccupied. The two surfaces touch at the 6 K-
points which is the reason that graphene is a semi-metal.
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2 Carbon Nanotube Field Effect Transistors

Zone-folding of SWNTs

From the two dimensional dispersion relations (E±(kx, ky)) of graphene we have
learned that the π

∗ and π bands touch at the six corners of the Brillouin zone.
To gain insight into the dispersion relations of SWNTs we follow a conceptual
approach called zone folding. In the reciprocal space, the two lattice vectors k‖

and k⊥ that correspond to T and Ch can be defined through the four conditions
k⊥ · Ch = 2π, k‖ · Ch = 0, k⊥ · T = 0 and k‖ · T = 2π, which leads to the
following expression

k⊥ =
2

Nc
(−t2b1 + t1b2) and k‖ =

2
Nc

(mb1 − nb2) (2.6)

For an infinitely long SWNT, k‖ is continuous and of length 2π/ |T |. However,
due to the periodic boundary conditions of the SWNT imposed by the rolling
up of the graphene stripe, k⊥ gets quantized and can only take a set of discrete
values according to

k · Ch = 2πq, (2.7)

where q is an integer.
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Figure 2.4: (a) Brillouin zone, (b) dispersion relation (E(k) and (c) density of states of a
metallic armchair (6,6) nanotube obtained from orthogonal tight binding dispersion
relations of graphene and zone folding. Since the Fermi point kF in graphene intersects
with the K-point and since the K-point of graphene intersects with the Brillouin zone
of armchair SWNTs, the valence and conduction band cross linearly at the two Fermi
points ±kF = ± 2π

3a and the armchair SWNT is metallic. (c) The DOS is continuous
even around the Fermi energy. (Code adapted from C. Roman)

The Brillouin zone of SWNTs is therefore quantized and consists of Nc/2 lines
parallel to T (Figure 2.2). The lines are separated by a distance 2/d.
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Figure 2.5: (a) Brillouin zone, (b) dispersion relation (E(k) and (c) density of states of a
metallic zig-zag (9,0) nanotube. The Fermi point kF in graphene intersects with with
the Brillouin zone of the (9,0) zig-zag SWNT. Therefore the DOS of the SWNT is conti-
nuous at EF without a gap as shown in (c) which renders the SWNT metallic. (Code
adapted from C. Roman)
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Figure 2.6: (a) Brillouin zone, (b) dispersion relation (E(k) and (c) density of states of a
semiconducting zig-zag (8,0) nanotube. The Fermi point kF in graphene does not in-
tersect with the Brillouin zone of the (8,0) zig-zag SWNT. Therefore, the SWNT is semi-
conducting as shown by the band gap in (c) around the Fermi energy. (Code adapted
from C. Roman)

The confinement in the Ch direction of the SWNT results in 1D dispersion re-
lations along these Nc/2 lines with a total of Nc/2 1D subbands. Whether the 1D Subbands

resulting SWNT dispersion relations have an energy gap or not depends on whe-
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2 Carbon Nanotube Field Effect Transistors

ther one of the lines passes through one of the K-points. This condition is satisfied
if (m − n)/3 = q with q an integer number. In other words if (m − n) is a mul-
tiple of three. Then the SWNT is metallic (m-SWNT). It follows that all armchairMetallic

SWNTs SWNTs (n, m = n), zig-zag SWNTs (n, 0) with n a multiple of 3 and chiral SWNTs
that satisfy the condition are metallic. All other SWNTs are semiconducting (s-

Semiconducting
SWNTs

SWNTs) with a finite band gap.

Band Structure and Density of States in SWNTs

In the previous section 2.1.2 the superposition of graphene 2D dispersion rela-
tions E±(kx, ky) with the 1D Brillouin zone of SWNTs was introduced, which is
now used to draw the bandstructure and calculate the density of states (DOS) of
SWNTs. The Brillouin zone of SWNTs are parallel 1D lines where
k‖ ∈ [−π/T,+π/T]. A 1D subband of graphene eigenvalues E±

q (k‖) is obtai-
ned for each line with index q.

The bandstructure of an armchair (6,6) nanotube obtained from the orthogonalArmchair

tight binding of graphene and zone folding is shown in figure 2.4. Since the
Fermi point1, kF, in graphene intersects with the K-point and since the K-point
of graphene intersects with the Brillouin zone of armchair SWNTs, the valence
and conduction band cross linearly at the two Fermi points ±kF = ± 2π

3a and
the armchair SWNT is metallic. Note that due to symmetry the bands are 2-fold
degenerate. Around kF the bands can be linearly approximated by a line with
slope

dE±
q=0

dk
=

√
3a

2
γ0. (2.8)

Zig-zag SWNTs with n a multiple of 3 also have crossing of the bands as shown
for a (9,0) SWNT in figure 2.5. In contrast to the two examples of (6,6) and (9,0)
SWNTs the band structure of a (8,0) zig-zag SWNT shows semiconducting beha-
viour (see figure 2.6). The 1D Brillouin zones miss the kF points of graphene as
shown in figure 2.6. The band gap of a semiconducting SWNT can be approxi-Band Gap Eg

mated by [18]

Eg =
2πaγ0√

3|Ch|
≈ 0.75

d
[eV]. (2.9)

The approximation of equation (2.9) predicts that the band gap of a semiconduc-
ting SWNT depends only on its diameter.

From the bandstructure of SWNTs we can extract the density of states. The
DOS of a system describes the number of available states N, in a volume V, at

1 The Fermi surface of graphene is condensed to 6 points located at the K-points of the graphene
Brillouin zone. The 6 points are called Fermi points in this work. The term Dirac point is often also
used in literature because of the linear dispersion relations around these points.
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2.2 CNFET Properties

each energy level E.

ρ(E) =
1
V

· dN

dE
. (2.10)

The general shape of ρ(E) is highly dependent on the dimensionality of the sys-
tem. The DOS of a 1D system diverges close to the band edge of each subband as
1/

√
E leading to so called van Hove singularities. These van Hove singularities

are a prominent feature of the DOS of a SWNT. Figures 2.4(c), 2.5(c) and 2.6(c)
display the DOS of the armchair (6,6), the zig-zag (9,0) and zig-zag (8,0) SWNTs.
The first two SWNTs exhibit a finite ρ(E) at E = EF, a result of the metallic nature.
The (8,0) zig-zag tube, however, exhibits a DOS of zero within the band gap.

Curvature Effects and Small Bandgap SWNTs

So far, it was assumed that the only difference between graphene and SWNTs
are the periodic boundary conditions in SWNTs leading to confinement perpen-
dicular to the CNT axis. In reality, the SWNT is a cylindrical and graphene a
planar structure. This change from a planar into a cylindrical structure results in
two additional differences: i) the c-c bonds parallel and perpendicular to the tube
axis are different in length and so the hopping integral γ0 between neighbouring
atoms are different. ii) for very small SWNTs (d < 1 nm) π and σ states can mix
and re hybridize due to curvature.

The effect i) changes the location of kF. The Fermi point moves away from
the K-point in graphene in a direction that is dependent on the chirality of the
SWNT. In armchair SWNTs, kF moves parallel to k‖ thus the 1D Brillouin lines
keep intersecting kF. In metallic zig-zag SWNTs, kF moves perpendicular to k‖
and hence a small band gap is opened. Via a more refined model by Kleiner et
al. the band gap in metallic zig-zag and chiral SWNTs with n − m a multiple of 3
is estimated to be [19]

Eg =
3γ0a2

cc

4d2 . (2.11)

These SWNTs belong therefore to a novel class known as small band gap semi-
conducting SWNTs (SGS-SWNTs). The band gap of a SGS-SWNT is small: For
example for a diameter d = 2 nm it is of only around 10 meV.

2.2 CNFET Properties

In section 2.1 the intrinsic structural and electronic properties of isolated infi-
nite long SWNTs were summarized. The strong covalent σ-bonds render SWNTs
mechanically very stable structures. Electronically, the π-bonds render SWNTs
conductive. In this section, we discuss transistors made of SWNTs as channel
material. For that, SWNTs are contacted by a source and drain metal electrode. A
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2 Carbon Nanotube Field Effect Transistors

Figure 2.7: Schematic of a CNFET device
with source and drain metal contacts
at both ends of the SWNT channel.
The SWNT is adhering to an insu-
lating dielectric layer (often made of
SiO2) by Van der Waals forces. The
conductive substrate is used as the
gate electrode to apply a Vg potential.

Source
Drain

third gate electrode is separated from the SWNT channel by a gate oxide. A sche-
matic of such a carbon nanotube based 3-terminal structure is shown in figure 2.7.

If the channel is made of an SWNT with a band gap, the structure is known as
a carbon nanotube field effect transistor (CNFET) and the current can be modu-
lated by the voltage applied to the gate electrode.

CNFETs have attracted tremendous interest by the microelectronics industry
because SWNTs are nanometer scaled nearly perfect crystalline structures that
have the potential to replace the Si channel in a metal-oxide-semiconductor field
effect transistor (MOSFET). At the same time, CNFETs are of high interest for
nanoscaled sensors. Their sensing properties will be reviewed in chapter 3. Since
CNFETs are not just carbon versions of MOSFETs, we will first introduce and
discuss an ideal version of a CNFET and explain its particularities. In a next step
non-idealities such as contact barriers and electron scattering will be discussed.

2.2.1 Ideal 1D Ballistic Conductor

The ideal ballistic system is made of a metallic 1D conductor (e.g. a m-SWNT)
with length L between two metal contacts which is below the electrons mean free
path (ℓe) and phase relaxation length (Lφ). Transport in such a structure can
generally be described by the Landauer formula, and the low bias conductance
is given by (see e.g. [20])

G = M · 2e2

h

∫ d f (E)

dE
Ti(E)dE, (2.12)

with f (E) the Fermi distribution

f (E) =
1

1 + exp E−EF
kBT

. (2.13)
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2.2 CNFET Properties

The Landauer formula consists of three important building blocks. The prefactor

M · 2e2

h
(2.14)

is the upper conductance limit of an ideal ballistic conductor with M active modes.
The transmission factor 0 ≤ Ti(E) ≤ 1 is a multiplicative term that describes the
conductance reduction in the i-th mode of a real device. This reduction may be
due to a multitude of reasons. Note that Ti(E) describes the transmission through
the whole device including contacts. The derivative d f

dE of the Fermi function
f (E) is used to calculate the difference in the population of left moving states
(from source to drain) and right moving states (from drain to source) due to a
vanishingly small bias Vds at finite temperature T > 0 K.

When measuring such an ideal structure with perfect ohmic contacts assuming
perfect transmission T = 1, a small bias voltage between source and drain (Vds)
centered around the charge neutrality level EF and at low temperature, T, the
energies of the electrons that are involved in the ballistic transport are confined
to the energies of the 1D subbands close to EF. Each of these subbands or modes
is capable of carrying a current of 2e/h, where e is the electron charge and h the
Planck’s constant. Therefore, the total source-drain current, Ids, can be obtained Ideal Ids

by summing the average number of modes, M, with energies centered around EF
in the range e · Vds. The total current in the conductor is

Ids =
2e2

h
MVds ⇐⇒ G = G0M, (2.15)

where G0 = 2e2/h is the quantum conductance. A m-SWNT exhibits a linear m-SWNT

crossing of the first π and π
∗ subbands at the Fermi point kF according to equation

(2.8). This crossing point is located at the charge neutrality energy E = EF in an
undoped structure (see e.g. figure 2.4(b)). Due to symmetry, each subband is
doubly degenerate. As a result in a m-SWNT each subband has M = 2 modes,
if energies are restricted to be within the first subbands of the tube. Then, the
maximum conductance G of a m-SWNT in the ballistic regime is G = 2G0. Conductance

In a s-SWNT the conditions are different. For the moment we assume perfect s-SWNT

ohmic contacts1 and that the charge neutrality level in the s-SWNT lies within
the band gap. At T = 0 K all π-states are fully occupied and the π

∗-are empty.
In order to have electrons travelling across the channel, EF has to be moved into
a subband. This movement of bands is achieved by applying a positive gate vol-
tage Vg > 0 V (Vg > 0 V moves bands downwards to bring EF into the conduction

1 This assumption is not fully appropriate. Usually, junctions between metal and semiconductor
exhibit Schottky barriers, which will be discussed later. Experiments have, however, shown that
ohmic contacts can also be achieved between metal electrodes and s-SWNTs.
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2 Carbon Nanotube Field Effect Transistors

band) or negative Vg < 0 V (Vg < 0 V moves bands upwards to bring EF into the
valence band). At large enough positive (negative) Vg, when EF is within the
conduction or valence band, 2 modes (M = 2) for electrons (holes) are available.
The conductance in a s-SWNT is then

G =

{

0 if Ev < EF < Ec
2G0 if EF ≥ Ec, EF ≤ Ev

(2.16)

2.2.2 CNT Metal Contacts: Contact Barriers and Schottky Con tacts

In order to make use of the previously described intrinsic properties of CNFETs,
metal-semiconductor (MS) interfaces have to be discussed since they play an im-
portant role for carrier transport. The physics of such MS heterostructures pre-
dicts that barriers are formed at the interface that reduce the maximum achie-
vable device conductance of 2G0 for SWNTs. The MS barriers are usually ofSchottky

Barrier (SB) Schottky barrier (SB) type with additional tunnelling barriers due to non-perfect
overlap of metallic and semiconductor states [21, 22]. Ohmic contacts are ideal
for high device performance. Schottky barriers have been studied intensively
over the last few decades in planar contacts between metal and shallowly do-
ped silicon. It is widely accepted, that the height of the SB is dominated by aContacts

Planar Devices charge dipole layer formed at the Si surface due to surface states [23, 24]. This
dipole charge is so strong, that it is capable of pinning the Fermi level at the MS
interface. The chemical potential of the contacting metal has then little or no in-
fluence on the position of the Fermi energy. This is the reason why SB heights in
planar junctions are fixed by the semiconductor material and why it is difficult
to achieve ohmic contacts by appropriate workfunction matching at a planar MS
interface.

The depletion width of the SB is directly related to the doping level. At low do-Depletion
Width ping the depletion width at the MS contact is large enough that no or very limited

charge is transferred by quantum mechanical tunnelling and hence thermal ac-
tivated carriers of the high energy Fermi tail are injected into the Si channel. As
a workaround solution to achieve ohmic contacts, Si at the contact area is dege-
nerately doped. This reduces the width of the depletion region and tunnelling
becomes the dominant injection mechanism.

In a CNFET, the bond between metal electrode and SWNT has a ring like struc-Contacts in
SWNTs ture leading to a quasi 0-dimensional (0D) interface and different electrostatics

than in planar devices [25]. As a result, the surface states are not strong enough
to pin the Fermi level [25] and therefore the SBs at the interface depend strongly
on the metal workfunction. This important difference between planar Si devices
and CNFETs can be exploited in device design to adjust the SB height by choo-
sing appropriate metals with different workfunctions and achieve ohmic contacts
without doping the SWNT body (e.g. Al, Cr, Pd).
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Figure 2.8: Energy diagrams at the metal-SWNT contacts for (a) Al-SWNT, (b) Cr-SWNT
and (c) Pd-SWNT. (a) Aluminum is a low workfunction metal (φAl ∼ 4.2 eV and forms
large Schottky barriers for the holes and smaller Schottky barriers for the electrons. (b)
Chromium φCr ∼ 4.5 eV forms larger SBs for the electrons and smaller for the holes. (c)
Palladium φPd ∼ 5.1 eV is a metal with a large workfunction that forms ohmic contact
for hole carriers and large SBs for the electrons.

Figure 2.8 depicts schematically the band diagram between 3 metals with work-
functions φm and an intrinsic SWNT of electron affinity χs and band gap Eg. For
each MS interface two SBs exist. One for the holes φ

p
SB and one for the elec-

trons φn
SB (see figure 2.9(b) and (c)). For a high workfunction metal such as Pd

(φm ≈ 5.1 eV) the SB for the holes is close to zero (φp
SB ≈ 0 eV) as indicated in

figure 2.8, while for electrons the SB is φn
SB ≈ Eg. The special electrostatics of MS

interfaces in SWNTs allows to completely eliminate the SBs by choosing large
workfunction metals (Pd) or small workfunction metals (Al). Zero SB contacts to
the valence band have been achieved by Javey et al. [26], where the room tem-
perature on-state conductance is Gon ≈ 0.4G0 and approaching the quantum
conductance limit of 2G0 for T ≈ 1.5 K by freezing out phonon scattering.

The simple theory also predicts that the contact barrier heights depend on the Contacts and
SWNT
Diameter

band gap of the SWNT, which is related to the diameter of the tubes via equa-
tion 2.1. This has first been demonstrated by Chen et al. [27], where a clear dia-
meter dependency of the on-state conductance is experimentally obtained. In
contrast to Pd contacts where zero SB are achieved on the hole side most other
contact metals (e.g. Ti, Cr, Au) show SB on both sides differing in height [27].

The transport across such a MS interface with different barriers for the holes
(φp

B) and electrons (φn
B) at finite temperatures has in principle the same two com-

ponents as in planar MS and ohmic contacts: quantum mechanical tunnelling
through φB and thermionic emission over φB. Thermionic emission is only exis- Thermionic

Emissionting at T > 0 K and the charge transfer rate depends solely on the height of the
barrier for holes φ

p
B and electrons φn

B. Quantum mechanical tunnelling on the Tunnelling

other hand depends also on the width of the barrier SBw. Because of the unique
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Figure 2.9: Schematic of the band alignments between metal and SWNT for a metal with
a workfunction χs < φm < χs + Eg/2, where Eg is the band gap of the s-SWNT for (a)
Vg= 0V, (b) Vg>0V, right above the threshold for electron conduction and (c) Vg< 0V
right above the threshold for hole conduction (Adapted from Ref. [28]).

1D structure of a SWNT the SB height can be modified through the choice of the
metal. For the moment we consider a CNFET structure similar to the one shown
in figure 2.7, where the substrate is used as the gate. Then the gate electrode
spans all the way from source to drain and the depletion width can be modula-
ted by an applied Vg. Modulation of the depletion width in CNFETs is a major
difference to the situation at planar MS interface between a metal and Si, where
the SB height and the depletion width are fixed by the semiconducting material
and its doping level as described in detail in previous paragraphs.

Figure 2.9 shows the electronic bands of a MS interface between metal and
SWNT for different gate potentials, Vg applied at the gate electrode. Figure 2.9(a)
for Vg = 0 V, (b) Vg < 0 V and (c) Vg > 0 V. These situations are depicted for
a metal that exhibits SBs for the electrons and holes (χs < φm < χs + Eg). AtVg = 0 V

Vg = 0 V (Fig. 2.9(a)) and for an undoped intrinsic s-SWNT φn
B = Eg/2 and

φ
p
B = Eg + χs − φm, and the width SBw(n,p) is practically infinite. In this case the

conductance is G ≈ 0 except thermionic emission is possible.
A positive voltage Vg > 0 V applied on the gate (Fig. 2.9(b)) moves bandsVg > 0 V

downwards in the bulk of the nanotube and in the space charge region, while
the position of the band edges at the interface with respect to EF are maintai-
ned. Thermionic emission of electrons increases and it decreases for holes. At
a certain Vg, when the nanotube conduction band Ec becomes aligned to EF

φn
B ≡ φn

SB = φm − χs and φ
p
B = Eg. At the same time the barrier width SBwn

is thinned compared to the situation at Vg = 0 V. This happens because the elec-
tron charge density in the nanotube is higher, screening any interface potential
more effectively. Quantum mechanical tunnelling of electrons through the thin-
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2.2 CNFET Properties

ned barrier increases and will eventually exceed thermionic emission. Above this
threshold, increasing Vg further thins down the barrier, increasing Ids.

Similarly, for large enough negative gate voltage, the bulk valence band Ev Vg < 0 V

becomes aligned to EF (Fig. 2.9(c)). In this case thermionic emission and tun-
nelling of holes dominate because the barrier for holes gets smaller and thinner
φ

p
B ≡ φ

p
SB = Eg + χs − φm and φn

B = Eg.
The inequality between the electron and hole barriers, here φ

p
SB > φn

SB, trans-
lates into asymmetric electron versus hole conductivity.

We now discuss the operation principle of a 1D CNFET with SBs at the contacts.
In most metal-SWNT contacts, the height of the electron and hole SBs are re-
latively large (≫ kBT at room temperature). As introduced previously, the SB
heights are fixed by the work function of the contact metal. The Ids of such a
transistor is usually very small because it is based on thermionic emission over
the SB barrier height, which limits the left and right moving states to the high
energy tail of the Fermi function independent of the location of EF. It has been
shown by experiment, however, that most of the current injection into a CNFET
channel is governed by quantum mechanical tunnelling [22, 27, 29]. How is this
possible? The probability of the quantum mechanical tunnelling depends on the
width of the SB (SBw). Since the field screening in a SWNT is weak, the potential
distribution on the CNT is determined by the nearby gate. Therefore, the width
of the SB is dependent on the gate voltage and the gate coupling at the contact
area. The gate coupling is strong if the gate oxide is thin. In this case hole- and
electron tunnelling is possible independent of the SB height leading to ambipolar
transistor behaviour as demonstrated in [29–31].

2.2.3 Scattering Mechanisms

After having drawn attention to the unique contact properties of CNFETs and
their role in the conductance we consider next the scattering mechanism in real
SWNT channels due to disorder. Elastic and inelastic electron scattering mecha-
nisms reduce the overall transmission probability through the SWNT channel.
In SWNTs the main sources of disorder are lattice defects such as heptagon- Localized

Defectspentagon defects, vacancies or hetero junctions associated to abrupt change in
chirality [15, 32, 33]. Such kind of defects may be produced during the SWNT
fabrication. They provide a strong and localized potential variation in the lattice
and are therefore called topological defects. Topological defects can lead to elas-
tic backscattering of electrons especially in semiconducting SWNTs. In metallic
SWNTs the momentum transfer due to a topological defect needs to be much
larger than in semiconducting SWNTs to backscattering to be enabled and is an
explanation for the very long elastic mean free path of up to micrometer lengths
in metallic SWNTs [34].

A long range disorder is often not due to a defect in the lattice structure of Long Range
Disorder
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2 Carbon Nanotube Field Effect Transistors

the SWNT itself but can be created by potential fluctuations in the nearby gate
oxide. Processing residues on the SWNT wall, molecules adsorbed on the SWNT
or local mechanical deformations and twist are also possible reasons for long
range disorder. These types of disorder produce a slowly varying potential in
the SWNT and are elastic scattering centers as well. Due to the nature of the
defect, scattering processes do not induce large momentum transfer. In semi-
conducting SWNTs the induced momentum transfer can be strong enough that
backscattering is possible at long range disorders but it is not expected to affect
metallic SWNTs.

Inelastic electron-phonon scattering happens dominantly at two energy ranges.Inelastic
Scattering At low electron energy electrons predominantly scatter off acoustic phonons and

at higher energies optical phonon scattering dominates. In the device low bias re-
gion the overall transmission of the CNFET is then strongly affected by inelastic
scattering mechanisms. Javey et al. have demonstrated for metallic SWNTs that
the overall conduction at a sample with ohmic contacts is approaching the bal-
listic conductance 2G0 when the phonons in the system are frozen at cryogenic
temperatures [26] and Zhou et al. showed a similar behaviour in semiconduc-
ting SWNTs [35]. Acoustic phonon scattering is the reason for overall CNFET
conductance smaller than 2G0 at room temperature even in the case of perfect
ohmic contacts and almost defect free SWNTs. At high bias voltage the electron
energies increase and the electron can in addition emit optical phonons. This
effect is strong for energies above 0.2 eV and sets a limit to the maximum cur-
rent that can be driven through an individual SWNT. At the beginning, for small
Vds, the Ids − Vds characteristic of a CNFET with good ohmic contacts is linear.
By gradually increasing Vds, electrons start to emit optical phonons. At the on-
set of optical phonon scattering the slope of the curve is reduced and eventually
approaching zero.

2.3 History of CNFETs and State-of-the-art

Many of the concepts presented in the previous sections are the fruit of intensive
research on CNFETs during the last 11 years. Incremental understanding of CN-
FETs fundamental properties that differ much from planar Si MOSFET devices
(see section 2.2.2 for details) has lead to numerous and advanced CNFET device
concepts to be employed in different applications. In this section, a historical re-
view on the evolution of CNFETs understanding is presented, concluding with a
state-of-the art overview.

The first CNFET was reported almost simultaneously by two groups in 1998 [36,First CNFET

37] with a transistor design based on a s-SWNT channel that is deposited onto
two predefined Pt or Ti/Au electrodes with the highly doped Si substrate used as
the gate electrode. The source-drain current Ids through the s-SWNT is modula-
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ted by a gate voltage applied to the Si backgate. The SWNT material is produced
by a laser ablation bulk process with a SWNT mean diameter of 1.4 nm. Soon Localized

SWNT
Growth

after that Kong et al. presented a method to grow CNTs by CVD on localized
growth islands [38]. This improved process did not only enable to grow CNTs
from a specific location but also SWNTs with different, larger diameters could
be fabricated compared to the SWNTs from laser ablation and high-pressure CO
conversion (HiPCO) processes. It also enabled a large number of electrical mea-
surements by parallel contacting of many SWNTs [39], and it was found that large
diameter SWNTs (d > 2 nm) yield low contact resistances and smaller diameter
CNTs (d < 1.6 nm) exhibit larger resistances [40]. Common to all early studies
is the unipolar p-type nature of the CNFETs, which is attributed to oxygen do-
ping of the SWNT. In 2001, the IBM group presented a first ambipolar CNFET by
using Ti as contact material and annealing it to produce TiC as the contact metal.
In the study it was suggested that CNFETs may exhibit SB contacts. The IBM Contact

Propertiesgroup proposed, that the special 1D structure of CNTs and electrostatics enable
thinning down the SB, which leads to an increase of the tunnelling probability
for electrons and holes [30]. The hypothesis of SB contacts at the MS interface
was verified by the same group by comparing computational models and expe-
riments [29]. They concluded that indeed quantum mechanical tunnelling is the
main injection mechanism into the SWNT channel [22, 41]. The fact that contact
properties of CNFETs are dominated by SBs and that these SBs are different from
the planar metal-semiconductor barriers is exploited by the Stanford group in
CNFETs to achieve ohmic contacts. They proposed to reduce the SB heights for
the hole carriers by using a high workfunction metal such as Pd. Indeed, contac-
ting SWNTs with Pd metal yields high quality ohmic contacts [26]. The room-
temperature on-state conductance of long channel transistors (L = 3 µm) is up to
0.1 · 2G0. For short channel transistors (L = 300 nm) the on state conductance is
0.4− 0.5 · 2G0.

Simultaneously to the performance improvement at the contacts, research emer- High-k
Dielectricged into integrating SWNT channels in high-k dielectrics to enhance the gate cou-

pling and lowering the inverse subthreshold swing S = dVg/dlog(Ids). The ther-
mal limit at room temperature for ohmic contacts is given by S = (kBT)/e · ln (10)
with a value of S = 60 mV/decade [21, 24]. High-k atomic layer deposition
(ALD) of 8 nm ZrO2 on long channel (L ≈ 3 µm) CNFETs with ohmic contacts
yield subthreshold swings of S = 60 − 80 mV/decade, which is close to the ther-
mal limit [42]. Other work including thin top gated devices also show reduced
subthreshold swings [43–45].

Electrostatic gating of the CNFET contacts [46] and chemical modification of
the contacts by doping to produce n-i-n and p-i-p MOSFET like transistors have
been used to increase device performance. Results include CNFET characteristics
with very small inverse subthreshold swings close to 60 mV/decade [47–50].
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2 Carbon Nanotube Field Effect Transistors

It was through aforementioned basic research that the performance of CNFETs
was steadily increased. It is therefore natural to ask: What is the ultimate per-CNFET

Performance
Limit

formance limit of CNFETs and how does it compare to state-of-the-art Si techno-
logy? The desired CNFET device for such a test is made of a ballistic, semicon-
ducting SWNT channel, a wrap around cylindrical gate of a high-k dielectric and
close to zero barrier contacts for either holes or electrons. Although simulated ex-
tensively [51, 52], to date this device has not been successfully fabricated becauseState-Of-The-

Art of the difficulty to achieve a cylindrical gate. Very recently preliminary result on
long channel CNFETs with cylindrical gate have been presented with subthre-
shold swings of S = 240 mV/decade [53]. A device architecture fulfilling all the
above mentioned requirements except the cylindrical gate is characterized by Ja-
vey et al. [44]. It is made of 50 nm short SWNT channels, Pd metal contacts and
8 nm thick ALD HfO2 gate oxide with a self aligned Al top gate electrode. The
device performances in summary measured at room temperature are: On-state
conductance G ≈ 0.5 · 2G0, a peak transconductance of 30 µS and maximum
saturation current Ids ≈ 25 µA leading to a device capable of carrying high cur-
rents at low source-drain voltage Vds = 0.4 V. At the same time the Ion/Ioff ratio
remained as large as 103 (Vds = 0.3 V) with an inverse subthreshold swing of
S ≈ 110 mV/decade.

Further increase in Ion/Ioff is achieved by novel device concepts such as band-Ion/Ioff

to-band tunnelling devices [22, 54].

Comparisons of these CNFETs with planar Si MOS devices, non-planar Si MOS-Comparison:
Si vs. CNFETs FETs, III-V compound semiconductor are given in [55, 56]. The comparison is ba-

sed on mainly three key metrics, which are the intrinsic transistor speed (CV/I),
the energy-delay product (CV/I · CV2) and the transistor inverse subthreshold
swing, S. C is the gate capacitance of the device, V = VCC = Vds is the source-
drain bias voltage and I = Ion is the on-state current measured at Vg = VCC = Vds.
The authors state, that a direct comparison is often difficult because emerging
nano-electronics transistors have no distinct targeted threshold voltage, the I −V

characteristics are not optimized and the choice of Vds is often arbitrary. By care-
fully selecting CNFET characteristics and extracting their performances, the three
key metrics are then compared against the channel length L of the device. Finally,
the CV/I is compared versus Ion/Ioff [55]. The authors conclude, that the emer-
ging nanoelectronic CNFET devices have made tremendous progress. The best
CNFETs show improved switching speed and energy delay product in p-type de-
vices due to enhanced mobility in SWNTs while the inverse subthreshold swing
at a channel length of 50 nm is still large compared to Si-devices. Shortcomings
in the devices are still remaining, especially thorough studies for CNFETs with
short channels below 50 nm are missing.

During the last few years the research on CNFETs has been focused on indivi-Trend &
Outlook dual transistors, their fundamental operation principles and performance limits
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but more and more attention starts to move toward manufacturing and integra-
tion key challenges such as large scale integration, CMOS compatibility and long
term investigations. This trend is mirrored in the latest 2008 international tech-
nology roadmap for semiconductors (ITRS)1: “A key challenge for carbon nano-
tubes to be viable in high performance FETs is the requirement for processes that
provide a tight distribution of semiconductor band gaps, with each nanotube placed
in a desired location, with a specified direction, and a low contact resistance.”

1 http://www.itrs.net/reports.html
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3 Concepts for CNFET Sensors
Carbon nanotubes do not only offer great promises for future transistors in mi-
croelectronics but their properties also attract a lot of interest to employ them
as sensing element in nanosensors. Shortly after their discovery, SWNTs have
been predicted as exceptional sensing elements in physical sensors [57, 58] and
soon after resulted in physical and chemical sensor device demonstrators [38, 59].
Almost any property of SWNTs, such as electronic, electrical, mechanical and op-
tical, can result or has already resulted in sensor concept demonstrators. For sen-
sing devices, CNTs present several key advantages. Their nanometer feature size SWNT Key

Advantagescan be employed for building highly localized sensing units (active spots) and for
large scale integration into sensor arrays. Very high surface to volume ratio and
unique electronic properties of SWNTs offer high sensitivity to stimuli and ultra
low power consumption in the order of 10 nW to probe the electrical properties of
SWNTs. Despite the success of SWNT sensors in research there are, however, still
some challenges to be overcome before broader acceptance in industrial product
development activities will be observed.

In this section, we will review the intrinsic properties of isolated SWNTs for
a wide range of sensors, then we review the requirements on CNFET proper-
ties that are employed in sensors. These requirements differ from the require-
ments of CNFETs for microelectronics discussed in section 2. Finally and most
importantly for this work, reporting on electromechanical sensors, we introduce
the basic theory of piezoresistance in SWNTs and give a state-of-the-art over-
view on experimental results on CNFET electromechanical sensors. Parts of this
chapter are highly related to the chapter “Single-walled Carbon Nanotube Sensor
Concepts” published in the Handbook of nanotechnology [28].

3.1 SWNT Properties for Sensing

Structurally, SWNTs are nanometer thin crystalline structures defined by their
chiral indices as described in section 2.1.1. From the electronic point of view they
can be metallic or semiconducting wires (Section 2.1.2). These two basic pro-
perties (structural and electronic) have resulted in a few SWNT sensor concepts.
Charge detectors in flowmeters [60] have been built utilizing s-SWNTs. The high
curvature (d ∼ 0.4 − 3 nm) of SWNT tips and bodies were exploited in gas ioni-
zation sensors [61] and capacitance gas sensors [62]. But SWNTs are much more
versatile and interesting as will be explored in the next few paragraphs.
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3 Concepts for CNFET Sensors

Electromechanical Properties

Mechanical deformation of SWNTs modifies their hexagonal lattice and the over-
lap of the π-orbitals. This modification will be introduced and reviewed in detail
in section 3.2. In brief, straining carbon nanotubes modifies their electronic bandBand Gap

Modifications gap. Yang et al. [58] calculated the modulation of band gaps Eg of SWNTs of
different chiralities under tensile (axial) and shear (torsional) strain. A linear ap-
proximation of the band gap change ∆Eg with axial ǫ and torsional γ strain, was
derived by the same group [63]. This electronic band gap modulation due to
strain, has led to many sensor concepts (strain, torsion, force, pressure, etc.) that
involve SWNTs as strain gauges [6, 7, 59, 64, 65].

Chemical Properties

SWNTs are also sensitive to molecule adsorption because of their large surface
to volume ratio and the unique electronic π- and π

∗-bands that are located at the
surface of the SWNT. Molecular adsorption of chemical or biochemical species is
therefore expected to have a huge impact on SWNT electronic properties. Mole-
cules either physisorb or chemisorb at the SWNT surface. At low molecular cove-Chemical

Doping rage, doping is the main effect, which is equivalent to a simple charge neutrality
level shift EF with respect to the intrinsic mid-gap situation in undoped SWNTs.
However, at large coverage densities, the bands of the tube itself can be distorted.Large

Coverage In addition to the charge neutrality level shift, in this regime, new bands may ap-
pear inside the nanotube gap, or new gaps may open within the conduction or
valence bands [66]. Chemical and biochemical sensors based on the modulation
of SWNTs’ electronic properties upon exposure to target molecules, have been
demonstrated [67–69]. The most widely used method for reading out these mo-
dulations is via transport measurements (CNFETs). However, capacitive [62] or
optical [70] detection have also been employed.

Optical Properties

SWNTs are optically active materials because the subbands show electron hole
symmetries. The absorption of photons generates electron-hole (e-h+) pairs, andPhoton

Absorption (e-h+) recombination occurs over the nanotube band gap via photon emission.
Resonant absorption of photons happens at energies corresponding to transitions
between symmetric (with respect to EF) van Hove singularities. Because of fi-
nite DOS at E = EF photo-luminescent emission is not possible for m-SWNTs.
The s-SWNT emit mainly over their band gap, which is over their first sub-Photon

Emission bands. Resonant absorption of photons on the other hand covers a wide spec-
trum (⊂ (−9, 9) eV) because absorption is also possible across different sub-
bands of higher order, thus SWNTs absorb light in UV (> 3.1 eV), visible and
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3.2 Piezoresistance in SWNTs

IR (< 1.8 eV) domains, but they emit mostly in IR. In addition, because of the 1D
character, SWNTs only absorb and emit light linearly polarized along their axes.
Optical properties of SWNTs have been exploited in devices such as polarized
photo detectors [71, 72].

Besides direct photoelectric effects, other ways to use carbon nanotubes for
photodetection have been devised. SWNTs can be used for instance to detect ra-
diation indirectly. For example, in a CNFET device with silicon back gate, light
with energy exceeding the silicon direct gap can induce a photovoltage at the
Si/SiO2 interface which shifts the Ids − Vg characteristic [73]. A SWNT film bo-
lometer is also presented, in which incident radiation heats the nanotubes that
changes the film conductivity [74]. In yet another example, UV light incident on
a CNFET in ambient atmosphere, causes photodesorption of oxygen from me-
tal leads and the nanotube, affecting Schottky barrier heights and therefore the
overall device conductance [70].

Resonant Properties

The basic inertial and mechanical properties of SWNTs (stiff, light, strong and
elastic [75–77]) promote SWNTs as ideal nano-sized beams for resonant mechani-
cal sensors. For a straight, doubly-clamped SWNT treated as a continuum elastic
beam, the resonance frequency of the fundamental flexural mode is given by [78]

ω =
4π2

L2

√

EI

3ρA

(

1 +
L2σ0

4π2EI

)

, (3.1)

where L is the tube length, I the moment of inertia, A the cross section area, ρ
the mass density (ρl = ρA), σ0 the initial tension in the beam and E is Young’s
modulus of the SWNT. The dependence of ω on tension σ, has been utilized by Strain Sensors

Sazonova et al. [79] and others [80, 81] to demonstrate tunable CNT resonators to
be used as sensitive strain / stress sensors. On the other hand, the attachment of Mass Balances

a small mass on the tube increases the effective mass of the beam and as a result
downshifts ω (via the ρ term in equation 3.1). This resonant inertial balance, has
been utilized in Refs. [80, 82, 83] to detect minute mass loading on a CNT.

3.2 Piezoresistance in SWNTs

An overview on the electromechanical, optical, chemical and resonant sensing
properties of SWNTs is given in section 3. This section provides a more detai-
led explanation on the effects occurring in SWNTs, when strain is applied. The
theory of SWNTs under strain will first be presented in a descriptive approach to
get a conceptual understanding. The model formulas derived by L. Yang and J.
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Han [63] will be provided at the end of the section.
A well suited entry point to the theory of strained SWNTs is considering the

implications of strain on the Brillouin zones of graphene and SWNTs. The elec-
tronic properties can then be obtained from the structural deformation and the
change in the overlap of the graphene basis functions. More detailed informa-
tion about the effects of strain on SWNTs and results can be found in Refs [53, 58,
63, 84–89]. Transport across contacted SWNTs under strain is also studied and
reported in Refs [90, 91].

3.2.1 Brillouin Zone of Strained Graphene and SWNTs

A uniform uniaxial strain ǫ applied to the 2D graphene lattice uniformly distorts
the graphene unit cell. The linear elastic deformation along the strain direction is
(1+ ǫ) and perpendicular to the direction (1− νǫ), where ν is the Poisson’s ratio.
Since in a 1D SWNT the uniaxial strain ǫ can only be applied in the translational
direction, T , we consider the uniaxial strain applied to graphene in the same
direction T . The lattice vectors of the strained graphene can be expressed as
follows [58]

a1 = a(1 + ǫ)

√
3m

2|Ch|
· t +

a

2
(1 − νǫ)

2n + m

|Ch|
· c (3.2)

a2 = a(1 + ǫ)

√
3n

2|Ch|
· t +

a

2
(1 − νǫ)

n + 2m

|Ch|
· c, (3.3)

where c = Ch/|Ch| and t = T/|T | are the unitary vectors along the transla-
tional and circumferential direction of the corresponding SWNT. The recipro-
cal lattice vectors are given by the same relationship as for unstrained graphene
bi · aj = 2πδij. As a result, the Brillouin zone of strained graphene is not a regularGraphene BZ

hexagon as compared to the regular hexagonal Brillouin zone of unstrained gra-
phene. In figure 3.1 the BZ is depicted for ǫ = 0% (dashed black line) and under
a strain ǫ = 10% applied along the t direction (solid black lines). The contour
plot depicts the electronic dispersion relation Ek of strained graphene (Ek of the
conduction band). Figure 3.1(a) displays the whole hexagonal first BZ and the
the reciprocal lattice vectors prior to and after straining graphene by 10%. The
thin parallel lines indicate the BZ of a (9,0) zig-zag SWNT constructed as detailed
below. Figure 3.1(b) depicts a close-up of the BZ change around one graphene
K-point.

The BZ of a strained SWNT is based on the BZ of strained graphene with theSWNT BZ

addition that the length of its chiral vector is reduced as follows Ch = (1− νǫ)Ch.
The reduced length introduces the slightly changed boundary conditions for the
k-vector along the circumferential direction in strained SWNTs as
k⊥ · (1 − νǫ) · Ch = 2πq. The BZ prior to and after straining of a (9,0) SWNT
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Figure 3.1: (a) The BZ prior to and after applying strain to graphene and a (9,0) zig-zag
SWNT. Dotted lines indicate the BZ at ǫ=0 and solid lines at ǫ=10%. (b) Close up of
the location of one graphene K-point prior to and after strain.

is shown in figure 3.1(a) indicated by thin parallel lines. Dotted lines indicate the
BZ at ǫ=0 and solid lines at ǫ=10%.

3.2.2 Bandstructure of Strained Graphene and SWNTs

The bandstructure of undistorted graphene found by the orthogonal tight bin-
ding approach is fully determined by the basis function of the π-orbitals and the
overlap between the π-orbitals of the direct neighbouring atoms. When strain
ǫ is applied to graphene, the distance between neighbouring carbon atoms ri is
changed, and it is assumed that the new overlap values γi change according to
Harrison’s formula and become unequal [92] Harrison’s

Formula

γi = γ0

(

acc

ri

)2
(3.4)

where acc and γ0 are the carbon-carbon bond length and hopping parameter for
unstrained graphene. The six-fold symmetry of graphene is broken and the dis-
persion relation E(k) of graphene changes, when the values of γi become une-
qual. The dispersion relation of strained graphene has to be recalculated with
the new overlap energies. The Hamiltonian Hs of the π-orbitals for strained gra-
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phene obtained by nearest neighbour tight binding approximation is

Hs =

[

0 −γ1 − γ3 · eika1 − γ2 · eika2

−γ1 − γ2 · e−ika2 − γ2 · e−ika1 0

]

(3.5)

and the solution of the eigenvalues E(k) of Hs are found by matrix diagonaliza-
tion and expressing a1 and a2 by ri

E(k) = (γ2
1 + γ2

2 + γ2
3 + 2γ1γ2 cos [k · (r1 − r2)]

+ 2γ2γ3 cos [k · (r2 − r3)]

+ 2γ3γ1 cos [k · (r3 − r1)])
1/2 (3.6)

Figure 3.1(a) depicts the BZ of graphene and SWNTs prior (dotted lines) and after
straining the lattice by 10%. The contour plot displays the energies E(k) of the
conduction band of strained graphene. The overall effect of uniaxial strain in a
graphene lattice is now explained based on Figure 3.1(b). The Fermi points kF ofShift of kF

strained graphene are dislocated from the former graphene K-points of the uns-
trained graphene BZ. At the same time the location of the unstrained K-points
have moved upon strain to a new position indicated in the figure by K′. Ho-
wever, neither the old BZ K-point nor the new K′-point corresponds to the new
location of kF. The relative shifts of kF (direction and magnitude) are given by
the magnitude and direction of the applied strain ǫ. It can be shown that strai-
ned graphene remains a semi-metal because E(k, ǫ) = 0 is satisfied for distinct
k-vectors [18] for any strain ǫ1. Even though the shifts of the Fermi points kF are
small for small strain values, they are essential to understand electromechanical
properties in SWNTs.

3.2.3 Effect of Strain on SWNT Band Gaps

The subbands of SWNTs are fully determined by the allowed k-states, correspon-
ding to the 1D BZ, and the dispersion relation of graphene E(k). Primary band
gaps of SWNTs (between the first subbands) are a function of the location of the
closest allowed k-state to kF. These subbands that are responsible for the primary
band gap for any SWNT have a distinct subband index q, given by the boundary
conditions (1− νǫ) · |Ch| = 2πq. We have previously detailed that uniaxial strain
along the translational direction of a SWNT changes both, the allowed k-lines due
to shrinkage of the circumference |Ch| by (1 − νǫ) and the location of kF. Com-
bining these two changes results into a strain dependent change in the band gap
of the SWNT (dEg/dǫ). Interestingly, the magnitude and the sign of (dEg/dǫ)

1 The movement of kF under strain does not open-up a band gap in graphene. However, the mo-
mentum vector of electrons allowed in strained graphene with energies E = EF changes the length
and direction. This change may result into a change in the graphene conductivity.
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Figure 3.2: Visualization of how strain effects different types of zig-zag SWNTs belonging
to the three classes p = {−1, 0, 1}. All three images depict a close-up of the graphene
BZ around one K-point and the nearest k-line of the 1D BZ of the SWNTs. The situation
of the unstrained SWNT (ǫ = 0%) is indicated by black dashed lines and the situation
when strain is applied to the SWNT (ǫ = 5%) is depicted by black solid lines. Arrows
indicate the direction of k-line movements. The contour plot depicts the dispersion
relation E(k) of graphene (conduction band). The closer the allowed k-states in SWNTs
to the Fermi point kF the smaller the band gap. (a) (8,0) zig-zag SWNT: at ǫ = 0% kF

and the k-line do not intersect. Hence the SWNT is semiconducting. At ǫ = 5% kF

and the k-line move apart indicating a band gap increase due to strain. (b) (9,0) zig-
zag SWNT: at ǫ = 0% kF and the k-line intersect rendering the SWNT metallic. At
ǫ = 5% kF and the k-line move apart indicating a band gap increase due to strain and
the SWNT becomes semiconducting. (c) (10,0) zig-zag SWNT: at ǫ = 0% kF and the
k-line do not intersect. Hence the SWNT is semiconducting. At ǫ = 5% kF and the
k-line approach each other indicating a band gap decrease due to strain.

depend on the SWNT chirality. The largest positive change is obtained in the Zig-zag
SWNTsextreme case of a metallic zig-zag SWNT (n, 0), where n is a multiple of 3 (see

figure 3.2(a) for a metallic (9,0) SWNT). Then the band gap change of a zig-zag
SWNT due to strain is given by [63]

∆Eg(ǫ) = 3γ0(1 + ν) · ǫ. (3.7)

Straining metallic armchair (n, n) SWNTs, on the other extreme, does not in- Armchair
SWNTsduce a band gap, because kF of graphene and the allowed k-lines of the SWNT

BZ intersecting kF exhibit the same shift (see figure 3.3). The magnitude of all
other chiralities lies between these to extreme cases.

The sign of the band gap change follows the (n − m) = 3q + p rule, where q Sign of ∆Eg/ǫ

is an integer and p = {0, 1,−1}. Strain is always opening up a gap for metallic
SWNTs of the class p = 0 (for n 6= m) because the allowed k-line intersecting with
kF at ǫ = 0 and kF move apart from each other under strain (see figure 3.2(b)).
Semiconducting SWNTs of class p = +1 feature a band gap increase under in-
creasing strain (see figure 3.2(c)). Finally, SWNTs of the class p = −1 exhibit a
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Figure 3.3: Visualization of how strain ef-
fects a (6,6) armchair SWNT. The
image depicts a close-up of the gra-
phene BZ around one K-point and
the nearest k-line of the 1D BZ of the
SWNTs for strain ǫ = 0% by black
dashed lines and for strain ǫ = 5%
by black solid lines. The contour plot
depicts the dispersion relation E(k)
of graphene (conduction band). At
ǫ = 0% kF and the k-line intersect ren-
dering the SWNT metallic. At ǫ = 5%
kF and the k-line are still intersecting.
The SWNT stays metallic upon strain.

kx

ky

kF-Point

decrease of the band gap upon strain (see figure 3.2(a)). This difference in the
sign for different classes can be explained by the subband index q defining the
primary band gap of SWNTs. The k-line of SWNTs from the class p = 0 and
p = +1 that is nearest to kF is always on the right side of kF and it moves into
the right direction upon strain (see figure 3.2(b) and (c) for a (9, 0) and a (10, 0)
SWNT). The subband index q of the primary band gap for p = −1 SWNTs is lo-
wer by one and the k-line is on the left side of kF moving to the right. This is equal
to a movement toward kF. The movement of kF, on the other hand, is dependent
on the strain direction which is the same for all zig-zag SWNTs in figure 3.2.

In summary, the overall chirality dependent change of the band gap ∆Eg(ǫ)
due to uniaxial strain ǫ can be approximated by [63]

∆Eg(ǫ) = sgn(2p + 1) · 3γ0 [(1 + ν)ǫ · cos 3θ] (3.8)

If torsional strain γ along Ch is also considered, the overall band gap due toYang Han
Model elongation (ǫ) and torsion (γ) is [63]

∆Eg(ǫ, γ) = ∆Eg(ǫ) + sgn(2p + 1) · 3γ0γ · sin 3θ (3.9)

The equation 3.8 predicts a maximum band gap change of dEg/dǫ = 95 meV/%
for a chiral angle θ = 0◦ and a Poisson’s ratio ν = 0.2.

The model by Yang and Han is based on the assumption that the atomic move-More Results

ments under strain follow a homogeneous deformation (Cauchy-Born rule) for
small strain. The Cauchy-Born rule does not take into account sublattice relaxa-
tion if the solid is made of various sublattices. Graphene is, however, made of
two sublattices that have to be treated separately and internal relaxation between
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3.3 CNFETs for Piezoresistive Sensors

the sublattices has to be taken into account to calculate the exact movements of
the atoms [88, 89]. This relaxation affects the overlap of the π-orbitals and there-
fore the shift of kF due to strain. Huang et al. calculated the sublattice relaxation
by minimizing the elastic energy of the system. Qualitatively, the sublattice re-
laxation does not change the band gap modulation upon strain in SWNTs. Quan-
titatively, the change is found to be reduced by a multiplicative factor of 0.57 and
hence the maximum dEg/dǫ = 55 meV/% is computed. In a very recent publica-
tion the lattice relaxation and band gap change was computed ab initio for zig-zag
SWNTs [93], where no differences between the movements of atoms calculated
by the Cauchy-Born rule and the results from ab initio were obtained. The overall
maximum change in the band gap is dEg/dǫ = 115 meV/% ±10 meV/%, which
is in close agreement to the simple tight binding results by Yang and Han.

The band gap change of small band gap SWNTs is not covered by equation SGS-SWNTs

(3.9). An expression for the band gap change of SGS-SWNTs is derived by Kleiner
et al.. The result is a simple unified gap equation as a function of chirality and
deformations [19]

Eg =

∣

∣

∣

∣

∣

(

γ0a2

4d2 − ab
√

3
2

ǫ

)

cos 3θ − ab
√

3
2

γ sin 3θ

∣

∣

∣

∣

∣

, (3.10)

where b is the linear change in the transfer integral with a change in the bond
length ( ∼ 3.5 eV/Å). Equation (3.10) predicts a maximum dEg/dǫ = −75 meV/%.

In summary, the important result of the band gap sensitivity of SWNTs has Summary

been derived from the movement of kF in strained graphene and the new boun-
dary conditions due to a reduced diameter in SWNTs. The exact magnitude of
dEg/dǫ is still under discussion. In the next section we will discuss possibilities
to measure the change in the bandgap predicted by equation (3.9) and equation
(3.10).

3.3 CNFETs for Piezoresistive Sensors

The previous sections have focused on the intrinsic sensing properties of isola-
ted SWNTs. In particular the intrinsic electromechanical properties have been
introduced in section 3.2.

In this section concepts are introduced, how the theoretical predictions of a
band gap opening in SWNTs under strain can be employed in electromechanical
sensors. Generally, a change in the band gap of a semiconducting material can be
measured optically or electrically. Optical measurement methods of the band gap Optical

such as Raman spectroscopy [94] or Rayleigh scattering [89] offer the possibility
to directly measure the band gap change. But optical read out usually involves
expensive read out optics and is often not suitable for low cost sensors. Optical
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methods are therefore not introduced in this context. Electrical measurements ofElectrical

a contacted SWNT in a transistor configuration is an alternative and often less
expensive way to detect the change in the band gap of a SWNT due to strain.
As opposed to the direct read out by optics, the electrical read out is an indirect
way to measure this change. The band gap change is translated into a change
in resistance, and it is this resistance that is being measured. Adequate analyti-
cal models exist that describe the relation between the band gap of a SWNT and
its off-state resistance [6, 7, 64]. Such analytical models will be presented in this
section and they will be used to analyze performance metrics of SWNT strain
gauges read out electrically. The gauge factor (GF) is a universal sensitivity per-
formance figure of piezoresistive elements. It is defined by the relative change
of the measured resistance divided by the strain. A theoretical investigation of
CNFET GFs is presented and it is shown that GFs can be as large as 450.

In section 2.2 it is pointed out that CNFETs exhibit SBs at the MS interface. Such
CNFET peculiarities have to be considered for the design of CNFETs intended to
be used in electromechanical sensor applications, which is addressed in the last
part of this section.

Model of Thermally Activated Transport

The strain sensitivity of a carbon nanotube is largely dependent on its chiral angle
θ as expressed by equation (3.9), which describes the transfer of strain into a
change in the electronic band gap. In order to measure the band gap change
electrically, the SWNT is biased with a source-drain voltage Vds and the current
Ids through the device is recorded. The model of thermally activated transportResistance

in a 1D device may be used to relate the measured resistance R = Vds/Ids at
the transistor off-state to the change in the SWNT band gap by the following
expression [64]

R = Rc +
h

8e2 |T |

[

1 + exp
(

Eg(ǫ, γ)

kBT

)]

, (3.11)

where Rc is the contact incorporating SBs and tunnelling barriers, and as before
ǫ is uniaxial strain while γ is torsional strain in the SWNTs.

The sensitivity of a piezoresistive sensing element is captured by the gaugeGauge Factor

factor (GF), which is the relative change in the CNFET resistance divided by the
strain

GF =
∆R

R

1
ǫ

(3.12)

The GF of CNFETs in the off-state is now found by combining equation (3.11)
with equation (3.12). For the moment it is assumed that the CNFET experiences
strain in axial direction only (γ = 0). Since ∆Eg(ǫ) is linear (equation (3.9)) and
the off-state resistance depends exponentially on Eg(ǫ) (equation (3.11)), it then
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follows that the GF in a CNFET is constant only for small strains around a wor-
king point. For small strains ǫ around a working point ǫ0 (usually ǫ0 = 0), R(ǫ)
of the CNFET expressed by equation (3.11) can then be approximated by a Taylor
series expansion around the point ǫ = ǫ0.

R(ǫ) ≈
{

Rc +
1
|T |

h

8e2

[

1 + exp
(

Eg(ǫ0)

kBT

)]}

+

{

1
|T |

h

8e2
1

kBT
exp

(

Eg(ǫ0)

kBT

)

dEg(ǫ0)

dǫ

}

(ǫ − ǫ0) (3.13)

.
= R0 + R1 (ǫ − ǫ0)

= R0(1 + GF (ǫ − ǫ0)) (3.14)

and thus the gauge factor is simply GF = R1/R0.
For large variations of strain, equation (3.13) is not valid and the GF measured

in the device off-state is exponentially dependent on strain as demonstrated in
[95].

Performance Metrics of CNFET Pressure Sensors

In general, sensors need to be optimized with respect to their performance me-
trics, which are: sensitivity, limit-of-detection (LOD), cross sensitivity, selectivity,
sensor speed, repeatability, offset, drift, hysteresis, lifetime and robustness. Some
of the performance figures can be optimized through sensor layout design, while
others need to be optimized through material selection to fabricate the CNFET sen-
sors.

For the discussion of the CNFET sensitivity to strain we use the model of ther- Sensitivity

mally activated transport (equation (3.13)). It is also assumed that the MS in-
terfaces of a CNFET, the contact resistances, Rc, and the transmission through
the device, T , are strain independent. Figure 3.4 illustrates a sensitivity analy-
sis of the GF as a function of the SWNT band gap Eg and the rate of change
of the band gap under small strain. The maximum rate of change for zig-zag
nanotubes is dEg/dǫ = 115 meV/% [93] and for metallic SWNTs with a small
band gap induced from curvature effects dEg/dǫ = ±75 meV/% [19]. The maxi-
mum sensitivity is obtained for s-SWNTs with a band gap Eg > 0.1 eV (corres-
ponding to d<7.5 nm). In this case, Eg ≫ kBT and therefore in equation (3.13)
Rc + h/

(

8e2|T |
)

≪ exp
(

Eg(ǫ0)/(kBT)
)

. Then the gauge factor can be simpli-
fied to

GF =
1

kBT

dEg

dǫ
. (3.15)

At room temperature the maximum GF for a zig-zag SWNT under small uniaxial
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Figure 3.4: Simulation results of GFs calculated for SGS-SWNTs and s-SWNTs from the
model of thermally activated transport with parameter variations for dEg/dǫ, device
transmission T and contact resistance Rc. (a) GF(Eg, dEg/dǫ) for SGS-SWNTs with
Eg ∈ [0, 75] meV and realistic values for T and Rc. (b) Calculations of GF differences
between a device with Rc = 20 kΩ and Rc = 100 kΩ for a constant transmission
T = 0.01. The influence of Rc is large for small Eg. (c) GF(Eg) of SGS-SWNTs for se-
lected values of dEg/dǫ. (d) Simulation results of GF(Eg) for s-SWNTs against SWNT
diameter. The selected parameters are dEg/dǫ = 115 meV/%, Rc = 20, T = 0.01
and T = 0.2. The results indicate that piezoresistive GFs of s-SWNTs are independent
from Rc and T for SWNT diameters below 7.5 nm. In (e) the simulated current Ids(Eg)
to the results from (d) is shown. For Eg > 0.2 eV (CNT diameter ∼ 1.9 nm) the off-state
Ids drops below 1 pA.

strain is therefore GF = 456.
For SGS-SWNTs the GF does not only depend on the band gap but it also stron-

gly depends on the transmission T and the contact resistance Rc of the transistor.
Figure 3.4(a) and (c) show the GF against small band gaps of Eg ∈ [0, 75]meV and
dEg/dǫ ∈ [−115, 115] meV/% for a transmission (a) T = 0.01 and (c) T = 0.2
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3.3 CNFETs for Piezoresistive Sensors

and Rc = 20 kΩ. Such values of T and Rc are readily extracted for CNFETs
[26, 64]. It can be observed that GF increases linearly with dEg/dǫ and non-
linearly with Eg. For small Eg the GF strongly depends on T and Rc and starts
for metallic zig-zag SWNTs at around GF ∼ 200 to increase to the maximum va-
lue of GF ∼ 450 for Eg = 75 meV/ and dEg/dǫ = 115 meV/%. The dependency
of the GF on T and Rc is shown in figure 3.4(b), where the difference of the GF
from a transistor with Rc = 20 kΩ and Rc = 100 kΩ is plotted. As a result of this
investigation it is concluded that the GF of SGS-SWNTs is not only dependent on
the SWNT type (n, m) but also on the contact properties and device transmission.

In figure 3.4(d) the GF for s-SWNTs with diameters d > 1.9 nm is plotted
against their band gap for a dEg/dǫ = 115 meV/%. This figure shows that GF
becomes constant and independent of T and Rc below a diameter d ∼ 7.5 nm.
One has, however, to keep in mind that the thermally activated current exponen-
tially decreases with Eg. This is shown in figure 3.4(e), where Ids(Eg) is plotted for
a bias voltage Vds= 60 mV. For s-SWNTs with a band gap Eg > 0.2 eV, the ther-
mally activated off-current drops below 1 pA. Consequently, even though the
theoretical GF remains large for s-SWNTs with Eg > 0.2 eV, it is not measurable
in practice. These results have strong implications for the design of CNFETs for
electromechanical sensors. Before addressing CNFET design in the next section,
we introduce further sensor specific performance figures.

Limit of detection and sensor cross sensitivity are other important sensor spe-
cific key figures. Here, a short qualitative overview on these two topics is given.
Next to the sensitivity of CNFETs expressed by the GF, the limit of detection is Limit of

Detectionan important sensor performance figure. The limit of detection is determined by
the minimal signal change that can be detected. In principle the LOD is small
if the GF of the CNFET is large. However, to determine the LOD of a system,
the electronic noise has to be taken into account, too. The LOD is defined as the
minimal signal change that is greater than the signal fluctuation due to noise in
the system. The cross-sensitivity together with the selectivity is also important Cross

Sensitivityfor CNFET sensors. Since SWNTs are sensitive to a great number of stimuli (gas,
photons, temperature, strain), reduction of cross-sensitivity has to be achieved
through sensor system design. A CNFET pressure sensor needs to be protected
from environmental gases and operated in dark environment. Encapsulation of
CNFETs by appropriate dielectrics is demonstrated in section 4.1 and section 4.7.
Temperature variations have to be suppressed or compensated by passive or ac-
tive circuitry.

Performance metrics of CNFETs such as sensor speed, repeatability, offset, Other
Measuresdrift, hysteresis, lifetime and robustness have to be tested by experiment and

is not in the scope of this work.
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CNFET Design

The last section pointed out that the CNFET GF depends on the SWNT type,
the contact properties and transmission through the device. Here, a number of
design considerations are addressed that will result into reliable and sensitive
CNFET strain gauges.

SGS-SWNTs exhibit small band gaps with large off-state currents. Large Ids areSWNT Type

favourable with respect to signal amplification and signal processing. On the
other hand, GFs of SGS-SWNTs depend strongly on the contact resistance and
device transmission. s-SWNTs exhibit large GF that are independent from the
device transmission and contact resistance. The off-state current of s-SWNTs,
however, decrease exponentially with increasing Eg. It falls below 1 pA for s-
SWNTs with diameters, d < 1.9 nm, a current value which cannot easily be pro-
cessed by integrated electronics. Large diameter s-SWNTs are therefore favoured
over small diameter s-SWNTs. Control of the SWNT mean diameters and mini-
mizing diameter standard deviation during growth have already been achieved
and is one possible way to fabricated large diameter SWNTs for electromecha-
nical sensor [96–99] To measure the strain sensitivity of the intrinsic SWNT, theChannel

Length length of the CNFET channel needs to be larger than the depletion width of the
device. In short channel devices the exact location and shape of the bands wi-
thin the channel are defined by the MS interfaces and it was shown that CNFETs
exhibit long range depletion widths [25, 100]. The change of the bands in the
depletion regions under strain have so far not been investigated. It is possible
that they strongly influence the strain dependent CNFET response. For the mo-
ment we assume, however, that their influence on the CNFET response is weak.
Under this assumption, it is indispensable to use long channel transistors with
channel lengths L > 1 µm, to measure the intrinsic strain dependent band gap
modulation of SWNTs. The contact resistance, Rc, depends on the SWNT dia-Contact

Resistance meter, d and SBs. The height of the SBs is reduced for the holes or electrons by
appropriate choice of metal work-functions. The SB width in CNFETs is modula-
ted by Vg. The thinner the gate oxide and the larger the dielectric constant of the
medium, the better the modulation of SB widths.

Consequently, we propose to use SGS-SWNTs with Eg ∈ [25, 75] meV or largeDesign

diameter s-SWNTs (d > 2 nm) contacted by Cr/Au or Pd metal with a channel
length L > 1 µm.

In summary, a concept based on contacted SWNTs in a CNFET configuration isSummary

presented, to detect the change in the band gap of a SWNT under uniaxial strain.
It is proposed to operate the CNFET in the transistor off-state, where the device
current is dominated by thermally activated transport across the band gap. A
sensitivity analysis is carried out to quantify the CNFET GF based on the ther-
mally activated transport model. Besides the advantage of large GF of up to 456
for zig-zag s-SWNTs, they carry small off-state currents, which is a disadvantage
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for sensor signal amplification. The disadvantage of smaller sensitivity in SGS-
SWNTs in the off-state of the device comes with the advantage of larger off-state
currents.

The change of the band gap due to strain in SWNTs may also be measured at
operating points different from the device off-state. To quantify the sensitivity at
any point in the CNFET gate characteristics, a full quantum mechanical transport
model has to be developed. Self consistent modelling of the potential at the sur-
face of the tube and the available states for any Vg is indispensable for that and
goes beyond the scope of this thesis. From purely intuitive reasons, however, it
seems that the highest GF is in the device off-state.

3.4 Piezoresistive Transducer Concepts

In the previous sections the change in the band gap of a SWNT and possible read
out mechanisms of this band gap modulation have been introduced. The theore-
tical electromechanical properties of SWNTs have already been demonstrated in
experiments. Here, the experimental findings are summarized with a historical
and a state-of-the-art overview.

Experimentally, the band gap change can be measured electrically by contac-
ting SWNTs in a CNFET configuration [6, 7, 59, 64, 65, 101] or by optical Rayleigh
scattering measurements [89, 102]. The theoretical expectation has first been ex-
perimentally backed up in a pioneering work by Tombler et al., for a suspen-
ded m-SWNT clamped to and contacted by two metal electrodes [59]. Upon
deforming and straining the nanotube by an AFM tip, the overall measured elec-
trical conductance of the device decreased reversibly by two orders of magni-
tude (ǫ ∼ 3%). The authors have attributed this large conductance change to a
mechanically-induced modification of the atomic structure (sp2 to sp3 rehybridi-
zation) of the SWNT region right below the AFM tip, which could raise a tunnel
barrier in the path of free carriers.

A suspended doubly-clamped CNFET configuration to measure the piezore-
Piezoresistance
Under
Large Strain

sistance (i.e. change of the band gap as a function of axial strain dEg/dǫ) was
first proposed by Minot et al. [64]. The experimental setup is similar to that of
Tombler et al.with the only difference, that Minot et al. use the AFM tip as a local
gate to locally tune the overall conductivity of the CNT. During the experiment
the CNFETs are strained by an AFM tip while the tip is simultaneously used as a
local gate in the center region of the suspended SWNT. This local gate facilitates
local bending of the bands and hole and electron transport can be controlled via
a barrier induced at in the AFM tip region. Since the barrier height for holes at
Imin(Vg) is approximately equal to the band gap Eg of the CNFET, and since ther-
mionic emission dominates, the overall change in the band gap of the CNFET
due to strain can be extracted by employing the thermally activated conductance
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3 Concepts for CNFET Sensors

formula given by equation (3.11). As a result an overall change of the band gap of
dEg/dǫ = 35 meV/% is extracted. This value is within the theoretical prediction
of a maximum band gap change of 115 meV/% [93].

In contrast to doubly-clamped suspended SWNTs, where the strain can be as
Piezoresistance

Under
Small Strain

large as the elastic limit of SWNTs, the electromechanical properties of CNFETs
adhering to thin film membranes were investigated to explore the piezoresistance
of SWNTs under small strain (ǫ < 0.2%) [6, 7]. The two studies confirm piezore-
sistivity also in this situation. Grow et al. apply the gate voltage at the metallized
backside of a SiNx membrane [7]. For SGS-SWNTs FETs the Ids(Vg) characteristics
show that the unstrained devices are p-type with no or only small Schottky bar-
riers for the holes (large on-state conductance). The applied strain increases the
band gap (dEg/dǫ > 0). By increasing the back gate voltage Vg a small but wide
hole barrier (zero tunnelling) is formed along the length of the CNFET channel
reducing the hole current, and reaching Imin when the barrier is close to Eg. The
largest change in the channel conductance at various strain levels happens then
at Imin. The piezoresistive Gauge factor (GF), usually used in classical piezore-Gauge Factor

sistors as a measure of sensitivity, is defined by the relative change of resistance
divided by the strain of the SWNT and it is only constant for small strains (dǫ)
around a working point ǫ0. Piezoresistive GFs between -300 and 850 were obtai-
ned for CNFETs made from SGS-SWNTs resting on membranes with an applied
maximum strain ǫmax = 0.2%. Measurements on s-SWNTs yield GFs of -376 and
-317. These large GFs correspond to dEg/dǫ up to 180 meV/%, which exceeds
the maximum theoretically predicted value of dEg/dǫ = 115 meV/%. Moreover,
4 out of 8 SGS-SWNTs yield a change in the band gap dEg/dǫ > 0 with values
as hight as 180 meV/%, which cannot be explained by the simple model propo-
sed by Kleiner et al. [19]. As mentioned previously, the sensitivity of the devices
can be expressed as dEg/dǫ in meV/% or alternatively by the gauge factor (GF)
which is usually used for classical piezoresistors. Minot et al. [64] report a maxi-
mum sensitivity of 54 meV/% for the suspended CNFET. For a metallic SWNT a
sensitivity of 340-430 meV/% is reported [6]. Such high sensitivities of CNFETs
in contact with the substrate may also be explained by additional mechanical
distortions of the SWNTs due to interaction with the dielectric substrate. The
maximum reported GF for membrane based unstrained CNFET is 856 [7] and in
a pre-strained suspended metallic SWNT with ǫ0 ∼ 0.4% a GF of 2900 has been
demonstrated [65].

In general the piezoresistive effect of SWNTs has been experimentally manifes-
ted in CNFETs by loading the tubes with axial strain. The piezoresistive CNFETs
excel with regard to very high sensitivity already at small strain (<0.2%), nanos-
cale size and low power consumption (nW), in contrast to the mW of classical
piezoresistors.
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3.5 Summary

A basic overview on the electromechanical, optical, chemical and resonant sen- Survey

sing properties of intrinsic SWNTs is given. The survey demonstrates the enor-
mous potential of SWNTs to be employed in next generation nano scaled sensors.

Electromechanical properties of s-SWNTs, m-SWNTs and quasi metallic SGS-
Electromechanics
in SWNTs

SWNTs are introduced in a comprehensive way. The electronic properties of gra-
phene under mechanical load are derived by calculating the π bands by orthogo-
nal tight binding approximation of the deformed graphene lattice. The electronic
properties of SWNTs are then found by intersecting the allowed k-states of the
deformed lattice with the dispersion relation of deformed graphene.

Uniaxial and torsional strain lead to a change in the electronic band gap of a Band Gap
ChangeSWNT. The band gap is decreased, increased of remains unchanged if strain is

applied. The exact impact of strain on the band gap is determined by the chi-
ral indices of a SWNT. In general, the electromechanical properties of SWNTs
with respect to uniaxial strain are categorized by their q index calculated from
(n − m) = 3q + p, where p ∈ {−1, 0, 1}. Semiconducting SWNTs of class p = −1
exhibit band gap decrease and p = 1 a band gap increase. Metallic SWNTs of
p = 0 a band gap increase.

A versatile but indirect way to detect the change in the band gap is achieved CNFET for
Sensorsthrough measuring the current through the SWNT in the off-state. The electri-

cal resistance, R(ǫ), is related to the current via the applied source-drain bias.
SWNTs are contacted in a transistor configuration to measure the current. The
sensitivity of the transistor resistance to uniaxial strain is expressed by the gauge
factor, GF, as R(ǫ) = R0(1 + GFǫ) and R0 = R(ǫ0). ǫ0 is the initial strain which
is usually 0. Since the current through a 1D quantum channel in the off-state is
dominated by thermally activated transport carriers, the current is exponentially
dependent on the electronic band gap of the SWNT. The model for thermally
activated transport is employed to study the maximum GF for semiconducting
and SGS-SWNTs. Zig-zag SWNTs exhibit the largest GF, where a GF = 456 is
extracted.

To bridge the theory and experimental findings, a historical and state-of-the-art State-of-the-art

overview is given at the end of the chapter. Even though the theory of band gap
modulation is evidenced by experiments, open questions remain with respect
to the magnitude of GF obtained in the measurements. Here, GF up to 850 for
SWNTs under small strains are reported and up to 2900 for SWNTs under larger
strain [7, 65].
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4 CNFETs for Sensors:
Fabrication and
Characterization

The aforementioned properties of carbon nanotube transistors (Chapters 2 & 3)
renders them promising candidates to be used in both, sensors and microelec-
tronics. Despite many commonalities of CNFETs for both application branches,
some design aspects of transistors for sensors are subject to different conditions
than transistors for microelectronics. So far, research of CNFETs has been prima-
rily focused towards their use in microelectronic applications, which already re-
sulted in to substantial progress with respect to CNFET layout optimization [54,
103], new materials to achieve better transistor performance such as increased
subthreshold swing [42], operation speed [104, 105] and on/off ratio [46]. Such
microelectronics oriented topics are covered in section 2.3 with a state-of-the-art
overview.

For future application of SWNT sensors or devices, other aspects besides those
mentioned above are equally important. Sensor specific concepts for reliable
transistor operation must be investigated. Long term stability for SWNT based
transistors is key for all CNFET applications including sensing applications and
has to be addressed. Moreover, in depth investigations of CNFET noise proper-
ties and mechanisms are of great importance because it is directly related to the
ultimate performance of analog sensors with respect to their limit of detection,
signal-to-noise ratio and resolution.

This chapter reports on the fabrication of CNFETs and their subsequent electri- Chapter
Overviewcal characterization. The path for successful research on CNFET based sensors is

paved by the results achieved from stable fabrication processes for CNFETs, un-
derstanding the basic CNFET characteristics and mastering long-term stable and
reproducible devices. In section 4.1 a CNFET fabrication process is presented Fabrication

that is based on CVD growth of SWNTs and their integration into transistors by
electron-beam lithography. An optional subsequent encapsulation layer deposi-
ted by ALD Al2O3 yields CNFETs encapsulated from the ambient, whereas wi-
thout the encapsulation layer CNFETs exposed to the ambient are obtained. Sec- Methodology

tion 4.2 reports on three different types of electrical measurement methods that
are used to characterize CNFETs with respect to their gate characteristics and
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their 1/ f low frequency noise. Measurement results of CNFETs encapsulatedCNFET Cha-
racterization and exposed to the ambient are presented in section 4.3. Previously, in sec-

tion 2.2.2, the importance of the metal-SWNT contacts are pointed out to achieve
reproducible devices. Potential barriers at the CNFET contacts modify the trans-
mission probability from device to device. In section 4.5 the reproducibility of the
contacts for CNFETs made by our process are investigated. Section 4.6 starts with1/ f Noise

a state-of-the-art overview on 1/ f noise in CNFETs, then a proposed 1/ f noise
model is introduced, which is followed by results from 1/ f noise measurements.
Long term investigations on CNFETs during a period of more than 260 days isLong Term

Stability presented in section 4.7.

4.1 CNFET Fabrication

In this section we describe the process flow employed to fabricate CNFETs made
of individual SWNTs. The process is developed for samples of size 6x6 mm2.
It begins with chemical vapour deposition (CVD) growth of SWNTs which areFabrication

subsequently contacted by electron beam (e-beam) lithography and metal de-
position, which finalizes the actual CNFET fabrication. Next, CNFETs are either
electrically characterized in ambient air or they are encapsulated by an additional
dielectric layer prior to characterization. Characterization of both device types,
encapsulated and non-encapsulated, will be shown and compared in section 4.3.
CNFETs are basic building blocks that can be employed in a multitude of dif-Building Block

ferent sensor applications such as chemical, optical, resonant or electromechani-
cal sensors as introduced in section 3.3. A key requirement is a stable fabricationProcess

Stability process of CNFETs to successfully employ these nano-transistors in a multitude
of different sensors. Fabrication is therefore a central topic of this thesis.

An overview of a typical sample with contacted CNFETs is shown in figure 4.1.Process
Schematic The outer area is shown in figure 4.1(a). It is made of 20 metal lines leading to

Outer Region the center of the device, which are fabricated by standard lithography. Each metal
line is connected to 2-3 quadratic bonding pads at the outer end. The center of theCenter Region

sample is made of an area of 100x100 µm2. This region is shown in figure 4.1(b),
where the inner ends of the outer metal lines from region I and geometric markers
are visible. This inner area is the location in which CNFETs are fabricated by e-
beam lithography. For that, the CNFET source and drain electrodes are connected
at one end to the SWNT and at the other end to the inner end of a circuit path.
This two step wiring approach (standard lithography for the bonding pads and
outer metal lines and e-beam for the inner area wiring) is chosen to reduce the e-
beam writing time. It comes with the cost of an extra standard photolithography
and metal deposition step.

A schematic of the process flow is shown in figure 4.2. The numbers labelled
in the figures are also used in the text to label the individual steps.
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20 µm

(b) Reg II

400 µm

(a) Reg I

Figure 4.1: Overview of the outer region and inner region of a typical sample with contac-
ted CNFETs. (a) Outer area is made of 20 metal lines leading to the center of the device,
which are fabricated by standard lithography. Each metal line is connected to 2-3 qua-
dratic bonding pads at the outer end. (b) Center of the sample made of an area of
100x100 µm2. The inner ends of the outer metal lines shown in (a) are visible. The
inner area is the location in which CNFETs are fabricated by e-beam lithography.

A: Growth of Thermal SiO 2

The process starts with a double side polished 200 µm thick 4” wafer. The [1 0 0]
wafer is highly p-doped to employ it as a backgate in CNFETs. Prior to the
growth of the thermal SiO2 the wafer is treated with a standard RCA1 clean and
a dip in hydrofluoric acid (HF) to remove the native SiO2 and all organic and
metallic residues. The SiO2 is grown in a high temperature oven (ATV PEO 603)
at 1000 ◦C in a N2, O2 atmosphere for 32 h. The oxide thickness, characterized
by ellipsometry measurements, is 70 nm on both sides of the wafer and uniform
over the wafer area. The wafer is diced into square pieces of 6x6 mm2 after pro-
tecting the top and bottom surface with AZ4533 photoresist. Then, the devices
are cleaned by a standard procedure based on a series of solvents in the order of
acetone, 1-Methyl-2-pyrrolidon (NMP), acetone and isopropanol followed by N2
drying.

B: Ferritin Catalyst Preparation

For the CVD growth of SWNTs suitable catalyst particles are required. Fe par-
ticles are known as strong catalysts that produce long and highly defect free
SWNTs [38]. Ferritin is an iron storage protein, which can upload iron ions and

1 Radio Corporation of America
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SiO 70 nm2Si 200 µm

Outer
Electrodes

2 nm

(A,B) Catalyst
particles

(C)

SEM 10 mµ

SWNTs
from CVD

(D)

400 mµ

(E)

10 mµ
AFM Marks
(e-beam)

Outer
Electrodes

(F)

10 mµ

ALD Al O2 3

(G,H)

Figure 4.2: Process flow to fabricate SWNT based CNFETs. (A) Double side polished
200 µm-thick Si sample with 70 nm thermally grown SiO2 on both surfaces. (B) Ad-
sorption of iron loaded Ferritin proteins and calcination of the protein shell leaves
iron oxide nanoparticles on the SiO2 surface. (C) CVD Growth of CNTs randomly on
the surface of the sample with controlled surface density. (D) Standard lithography
is used to fabricate metallic wires and boding pads in the chip outer region and (E)
e-beam structuring of a set of markers used as reference system in the inner region. (F)
AFM scans are used to locate SWNTs in the inner region. Located SWNTs are contac-
ted by e-beam lithography and PVD of 2/30 nm Cr/Au or 30 nm Pd metal and lift-off.
(G) Optionally CNFET devices are encapsulate by ALD Al2O3 followed by (H) e-beam
structuring of a top gate using Al2O3 as gate oxide.
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store them in the Ferritin body as Ferrihydrite (5Fe2O3·9H2O) [106]. The prepa-
ration of Ferritin proteins to use them as Fe catalysts is as follows: A dilution
of 1/10 Ferritin (Fluka)/H2O is dialyzed for 24 h against deionized (DI) water
and centrifuged for 15 min at 14’000 g. For a SWNT surface density of approxi-
mately 20 tubes/(100 µm)2, the Ferritin solution is further diluted to yield 1-10
particles/µm2. The protein is adsorbed on the SiO2 surface by dipping the chip
in the solution for 1 min and 1 min in DI-water. The particles are then calcined
at 850 ◦C in ambient air in a low pressure chemical vapour deposition (LPCVD)
under oven (ATV) for 5 min. The LPCVD oven is then pumped below 10−5 bar
before the atmosphere is exchanged with H2. Subsequently, the Fe2O3 particles
are reduced in H2 at a pressure of 370 mbar for 10 min at the same temperature.

C: CNT Growth by CVD

SWNTs are grown by injecting 60 mbar H2 (0.2 slm for 48 s) followed by pres-
sure increase up to 217 mbar by injecting CH4 (1 slm for 42 s). The growth time
and temperature are set to 15 min and 850 ◦C, respectively. This process yields
individual SWNTs grown on the 70nm-thick thermally grown gate oxide with
diameters d=1.9+1.2/-1 nm as reported in [107].

D: Bond Pad Electrodes

The outer circuit paths and bonding pads are structured by standard lithography
using a negative photoresist (AZ-nLOF 2070) in region I. After spin coating the
resist at 4000 rpm for 45 s and soft baking at 110 ◦C it is exposed by ultra violet
(UV) light of 34 mJ/cm2 dose (λ = 365 nm) and developed in pure MIF 826
developer for 120 s followed by rinsing the sample in DI water during 60 s to
obtain a characteristic lift-off resist profile. The measured thickness of the resist is
1.8 µm. After drying the sample in N2, metal is evaporated in a Leybold Univex
500 by physical vapour deposition (PVD). 2 nm Cr with a deposition rate of 2
Å/s followed by 40 nm Au with a deposition rate of 5 Å/s. The thin layer of Cr
is used as adhesion for Au on the SiO2 surface. The lift-off is performed in hot
NMP (50 ◦C) over night for more than 12 h (the heating of the water is turned
off after 1h due to safety regulations) , 30 min in hot acetone (50 ◦C), 5 min in
isopropanol and N2 drying. The long time span of NMP is required to remove
all residues of AZ-nLOF 2070 on the SiO2 to have a clean sample surface for the
next processing step.

E: E-Beam Structured AFM Markers

Carbon nanotubes grown in step (C) are distributed randomly on the sample
surface with regards to their locations and orientations but also with respect to
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their lengths. In order to be able to electrically contact the ends of SWNTs, a
map of their exact absolute position on the sample surface needs to be recor-
ded. A reference system of metal markers serves as coordinates on the surface
in region II. These reference markers are patterned by a Raith 150 e-beam and
PVD of metal. A lift-off profile with an undercut for e-beam is obtained by spin
coating a first layer of a high sensitivity copolymer of methyl methacrylate and
methacrylic acid [P(MMA/MAA)] with a molecular weight of 950k in ethyllac-
tate (1:1). P(MMA/MAA) is spun on at 5000 rpm for 45 s followed by a pre
bake at 180 ◦C for 15 min. A second layer of positive e-beam resist polyme-
thyl methacrylate (PMMA) with a molecular weight of 950k in chlorobenzene
(1:1) is spin coated at 5000 rpm for 45 s followed by a pre bake at 180 ◦C for
15 min. The structure of the reference markers are exposed with an electron dose
per area of 517.5 µC/cm2. To obtain high feature resolution, (the smallest mar-
kers have a width of 200 nm) the sample is developed in methyl isobutyl ketone
(MIBK):isopropanol (1:3) for 60 s followed by a development stop in isopropa-
nol for 60 s and drying in N2. Immediately after development, 2 nm Cr with a
deposition rate of 2 Å/s followed by 40 nm Au with a deposition rate of 5 Å/s
are evaporated by PVD. The lift-off is carried out with the same parameters as
described in process step (D).

F: SWNT Localization and Contact Formation

The map of the SWNT position and their location in region II is recorded by ato-
mic force microscopy (AFM) in tapping mode. This map is also used to determine
the length (from the AFM x-y information) and diameter (from AFM height infor-
mation) of SWNTs and it is used to prepare the customized mask of the source-
drain contacts used in the subsequent e-beam step. After spin coating a double
layer stack made of P(MMA/MAA) and PMMA as describe in step (E), the CN-
FET contact pads are exposed by e-beam with an area dose of 517.5 µC/cm2 and
developed in MIBK:isopropanol (1:3) for 60 s followed by a development stop se-
quence in isopropanol for 60 s and drying in N2. Immediately after development
2 nm Cr with a deposition rate of 2 Å/s followed by 40 nm Au with a deposition
rate of 5 Å/s are evaporated by PVD. Alternatively 30-40 nm Pd is deposited at
a rate of 3 Å/s. The lift-off is carried out with the same parameters as descri-
bed in process step (D). Each fabricated CNFET is defined around one individual
SWNT. The process for CNFETs characterized in ambient conditions proceeds
directly with packaging (I).

G: Device Encapsulation by ALD Al 2O3

Devices are subsequently encapsulated in a 70 to 100 nm-thick Al2O3 layer, grown
via ALD inside a Picosun Sunale R-150B reactor at T=150 ◦C using N2 as carrier
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4.1 CNFET Fabrication

and purge gas. The growth of Al2O3 proceeds according to the two half reactions
detailed in [108]. Reactants trimethyl aluminum [Al(CH3)3] and water (H2O)
are alternately injected into the N2 carrier gas. The surface is first exposed to
Al(CH3)3, which reacts with all initial hydroxyl groups on the SiO2 surface. Then
the surface is exposed to H2O to form new hydroxyl groups. Repeating these
two reactions leads to a thin film deposited in an atomic layer-by-layer fashion
up to a desired thickness. The approximate Al2O3 growth rate in our system is
1 Å/cycle. The Al2O3 film is characterized after deposition by ellipsometry. A
refractive index of n=1.63 is extracted, which is comparable to values reported
from ALD Al2O3 films grown under similar conditions [109]. After Al2O3 depo-
sition, access to the bonding pad has to be provided by removing the Al2O3 in
the outer region. This is carried out by spin coating a positive photoresist AZ4533
onto the front side and back side of the sample at 4000 rpm for 45 s and pre ba-
king it for 2 min at 100 ◦C. The SiO2 and Al2O3 dielectrics on the backside have
to be protected because they are used as hard mask during the pressure sensor
fabrication. The resist on the front side is exposed with a dose of 382 mJ/cm2

through a mask that protects the inner area (II) of the sample and developed in
pure MIF 726 for 150 s. The development is stopped by rinsing the sample in DI
water for 120 s, then the sample is dried in N2. The removal of the Al2O3 layer
takes place in 6% buffered hydrofluoric acid (HF). The sample is stirred for 45 s
to remove a thickness of ∼ 70 nm Al2O3. The HF etch time has to be adjusted
for thicker Al2O3 films. After a thorough cleaning in solvents (NMP, acetone and
isopropanol) the sample is ready for the next processing step, which is either the
structuring and deposition of of top gate electrodes (step H) or back end proces-
sing (step I).

H: Top Gate

The encapsulation of CNFETs with Al2O3 does not only provide a barrier for gas
molecules and the ambient but it also enables to structure a top gate to the CNFET
using Al2O3 as gate oxide. The main advantages of a top gate over a backgate
are the larger dielectric constant of Al2O3 compared to SiO2 and the ability to use
the top gate even in the case when the Si backgate is removed during the pres-
sure sensor fabrication. The top gate is structured by e-beam lithography using a
double layer of P(MMA/MAA) and PMMA as resist. The e-beam parameters are
the same as detailed in step (E). After development of the e-beam resist, 2 nm Cr
with a deposition rate of 2 Å/s followed by 40 nm Au with a deposition rate of
5 Å/s are evaporated by PVD. The lift-off is carried out with the same parameters
as described in process step (D).
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4 CNFETs for Sensors: Fabrication and Characterization

I: Backend Process: Die- and Wire bonding

Most of the CNFET characterized electrically within this thesis are characteri-
zed twice. For the first time they are characterized immediately after the CN-
FET process is finished (after step (G) or (H) for encapsulated devices and after
step (F) for non-encapsulated devices) and for the second time after further, sen-
sor specific, processing is carried out. This approach ensures that only working
CNFET devices are further processed. At the same time, it allows to compare
electrical properties of CNFETs prior to and after sensor fabrication. For both
characterization steps the devices undergo the full back end die- and wire bon-
ding process mainly because wire bonding is less invasive and more reproducible
than probe station testing. The very thin 70 nm SiO2 can easily be penetrated by
probe station needles creating a short circuit between the highly doped substrate
(gate) and the contact pad. Wire bonding parameters are adjusted to form oh-
mic contacts between the wire and the bonding pad without destroying the SiO2.
This approach calls for special die bonding procedure because the sample has to
be removed from the package without residues on the backside of the sample
after the first electrical characterization. Die bonding starts with cleaning the ce-Die Bonding

ramic package for 5 min in acetone, 5 min in isopropanol and N2 drying. Then
AZ 4533 is spun on at 1000 rpm for 20 s. The sample is placed onto the still li-
quid photoresist and gently pressed down into the package. A baking step at
100 ◦C for 2 min is used to harden the photoresist and to glue the sample into the
package.

Ultrasonic wire bonding is carried out on a Delvotec FEK 5425 using a 30 µmWire Bonding

thick Al wire. The parameters pressure, ultrasonic time and ultrasonic power are
chosen large enough that the wire and the bonding pad are firmly connected but
small enough to make sure that the SiO2 is not damaged by the process. The pa-
rameter window is relatively narrow and all parameters need to be adjusted for
each sample. A set of a good starting values are for the start bond on package
site: weight = 5 ultrasound power = 80 ultrasound time = 35 and for the destina-
tion bond on the sample side: weight = 5 ultrasound power = 80 and ultrasound
time = 35.

4.2 Methodology: Electrical CNFET Characterization

In section 2.1.2 it was pointed out that the CNFET channel may be made of a m-
SWNT, s-SWNT or a SGS-SWNT. Measuring the CNFET gate characteristics (Ids-
Vg) provides a fast and versatile way to probe the electronic nature of the SWNT.
Two different measurement methodologies to acquire the CNFET gate characte-
ristics have been developed in our lab. The first measurement method is based onContinuous Vg

measuring the source drain current (Ids) while applying a continuous, linear vol-
tage sweep at the gate electrode (Vg) as schematically shown in figure 4.3(a). This
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Figure 4.3: Timing diagram
of Vg for the linear and
pulsed measurement modes.
a) Continuous linear gate
sweeps (cIdVg) with a
constant sweep rate (SR).
b) Short pulses are applied
to the gate of the CNFETs
(pIdVg). The pulses are
defined by the high time th
(pulse width) and low time
tl (time between successive
pulses). Ids is acquired by
the measurement setup at
a predefined time tacq. For
each pIdVg measurement,
the pulse height is varied
from 0 V to +Vgmax , then
to -Vgmax and back to 0
V. Several pulses of same
height (here: two pulses of
the same height) are applied
consecutively before chan-
ging to the next Vg

0 pulse
level value. c© Institute of
Physics and IOP Publishing
2009.

type of measurements are adapted from methods used in fundamental physics
research to characterize CNFETs. Gate characteristics measurements obtained
by continuous, linear Vg sweeps usually exhibit a large hysteresis. Hysteresis is
unfavourable for CNFETs employed in sensors. This was demonstrated as an
example by results from NOx gas sensor measurements, which are difficult to
interpret because of hysteresis [110, 111]. The results have increased the sense
of urgency to develop measurement methods and setups that reduce the gate
hysteresis. Lin et al. have reported that short voltage pulses applied to the gate Pulsed Vg

electrode reduce the hysteresis [112]. Motivated by the promising results of Lin et
al. a second setup was implemented in our lab, that applies short rectangular gate
pulses to CNFETs for sensor measurements, and it is detailed in section 4.2.2. A
schematic of the Vg timing diagram of the pulsed measurement setup is shown
in figure 4.3(b).

In addition to the CNFET gate characteristics measurements the magnitude of 1/ f Setup

the electronic noise is an important quantity in analog electronics and sensors.
It is well known that CNFETs exhibit low frequency 1/ f noise (see section 4.6.3
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for details), which is a limiting factor for the sensor resolution. The methodology
employed in this work to assess the 1/ f noise in CNFET devices and CNFET
based sensors is presented in section 4.2.3.

All measurement setups are based on individual components (voltage sources,
voltage meters, spectrum analyzers, current-to-voltage converters) and are fully
automated by dedicated LabView programs with graphical user interfaces. Ge-
neral purpose interface bus (GPIB) connectors are used to make the connection
between components and the control computer. The measurement data is stored
in text files to be further processed by appropriate software (Matlab, Excel).

4.2.1 CNFET Measurement Setup Based on Linear, Continuous Vg

The DC gate characteristics measurement setup (labelled hereafter cIdVg), em-
ploys continuous linear gate sweeps with Vg going from 0 V to +Vgmax, then to
-Vgmax and back to 0 V with a constant sweep rate (SR) and constant source-
drain voltage (Vds) (figure 4.3a). The setup shwon in figure 4.4 is made of two
Keithley 2400 source meters that provide the voltage at the source side, Vs and
Vg voltages. Both signals (Vs and Vg) are filtered by first order RC low-pass fil-
ters with corner frequencies of f3db = 28 Hz to suppress possible high frequency
signal fluctuations. The applied source-drain voltage is accurately measured by
a Keithley 2000 voltage meter at the source terminal of the CNFET (Vds). This
is because of potential offset voltages at the Keithley 2400 Vs output. The cur-
rent through the CNFET channel, Ids, at the drain side of the CNFET channel is
amplified by a low noise, large bandwidth current-to-voltage amplifier. The am-
plifier output voltage (VIds) is acquired by a second Keithley 2000 voltage meter.
Usually, the current-to-voltage amplification factor is set to 106. For all measure-
ments the parameter set (Vs, Vgmax, SR) is kept constant to facilitate direct com-
parison between consecutive CNFET measurements. More detailed description
of the measurement program, the LabView GUI and a detailed operation manual
are found in Ref. [113]

4.2.2 CNFET Measurement Setup Based on Rectangular Vg Pulses

The pulsed measurement setup (labelled hereafter pIdVg), applies short pulses
to the gate of the CNFETs as shown by the Vg timing diagram in figure 4.3(b).
A schematic of the setup is shown in figure 4.5. The pulsed Vg

0 signal is ge-
nerated by the output channel ao0 of a multifunction-data-acquisition card from
National Instruments (NI 6281). The pulses are defined by the high time th (pulse
width) and low time tl (time between successive pulses). Effects from gate lea-
kage currents and capacitive currents may lead to an effectively applied Vg that
may be different from Vg nominally applied. Therefore Vg is measured at the in-
put channel ai0 of the NI 6281 card at a predefined time (tacq < th) during the
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Figure 4.4: Schematic of the DC CNFET characteristics measurement setup. The setup is
used to employ continuous linear gate sweeps by a Keithley 2400 voltage source to the
gate of the CNFET. Vg is swept from 0 V to +Vgmax, then to -Vgmax and back to 0 V
with a constant sweep rate (SR). At the CNFET source a constant source-drain voltage
(Vds) is employed by a second Keithley 2400 voltage meter. The current is amplified
by a current-to-voltage amplification and measured by a Keithley 2000 voltage meter.
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Figure 4.5: Schematic of the pulsed CNFET measurement setup. Short Vg pulses are ap-
plied by a NI 6281 measurement card. Ids is amplified by a current-to-voltage ampli-
fier and the output voltage acquired by the NI 6281 input channel. Vds is applied by a
Keithley 2400 source meter.

high time of the gate pulse following the rising edge [114]. Measurements with a
difference larger than 0.2 V between the nominal Vg

0 and Vg are discarded. Ids is
amplified by a large bandwidth low noise current-to-voltage amplifier and the
output voltage is acquired by the input channel ai1 of the NI 6281 card at the
same predefined time as Vg. tacq is chosen such that the current Ids is stable prior
to acquisition. Usually, the current-to-voltage amplification factor is set to 106.
For each pIdVg measurement, the pulse height is varied from 0 V to +Vgmax, then
to -Vgmax and back to 0 V. Several pulses of same height are applied consecutively
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Figure 4.6: Schematic CNFET noise measurement setup. Low-pass filtered Vds and Vg bias
voltages are applied to the CNFETs (Keithley 2400). Ids is amplified by a low noise
current-to-voltage amplifier with an amplification factor of 106. The amplifier output
voltage is fed into a fast Fourier transformation (FFT) spectrum analyzer (Stanford
Research SR785). During the noise data acquisition Ids is simultaneously acquired by
a Keithley 2000 voltage meter.

before changing to the next Vg
0 pulse level value, and the acquired Ids(Vg) values

are later averaged over equal Vg
0 pulse levels. The constant DC Vds is applied

by a Keithley 2400 source meter and filtered by a low pass filter. A more detai-
led description of the measurement program, the LabView GUI and a detailed
operation manual are found in Ref. [114].

4.2.3 Noise CNFET Measurement Setup

For noise measurements the sample is electromagnetically protected by a double
shielded box with an outer shell of permalloy and an inner box of aluminum to
reduce the influence of 50Hz power line noise. A schematic of the noise mea-
surement setup is shown in figure 4.6. Low pass filtered ( f3db = 28 Hz), low
noise Vds and Vg bias are applied to the CNFETs (Keithley 2400 source meters).
Ids is amplified by a low noise current-to-voltage amplifier with an amplifica-
tion factor of 106. The amplifier output is fed into a fast Fourier transformation
(FFT) spectrum analyzer (Stanford Research SR785). During the noise data ac-
quisition Ids is simultaneously acquired by a Keithley 2000 voltage meter. Each
noise power spectrum density (PSD) measurement is averaged over 100 succes-
sive spectrum acquisitions. 〈Ids〉2 is the average current through the CNFET du-
ring the PSD measurement. All additional sources of noise (amplifiers, cables,
voltage sources) were pre-characterized and their spectrum subtracted from the
measurements.
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4.3 CNFET Properties for Electromechanical Sensors

This section reports on electrical characterization of CNFETs designed for elec-
tromechanical applications. The design of CNFETs follows guidelines and spe-
cifications introduced and discussed in section 3.3. There it is pointed out, that
the optimal CNFET design for electromechanical sensors is a long channel device
(L ∼ 1 − 2 µm), with a large diameter (d ≥ 2.0 nm) SGS-SWNT or s-SWNT chan-
nel. Along with a suitable CNFET design, the magnitude and type of contact
resistances are of great importance in CNFET electromechanical sensors. Varia-
tion of contact resistances may directly influence the CNFET sensitivity to strain
as demonstrated in figure 3.4. Although Ids fluctuations due to sensitivity of the
SWNT channel to chemical species and photons has not been discussed yet, it is
obvious that such influences should be kept to a minimum in an electromechani-
cal sensors by appropriate device encapsulation.

Within this thesis the main focus of electrical CNFET characterization is conse-
quently set on four key questions dealing with sensor and CNFET specific topics.

How does an appropriate gas diffusion encapsulation layer modify the gate Key Questions

characteristics of CNFETs? Provide MS interfaces fabricated by the process in-
troduced in section 4.1 reproducible and low ohmic contact resistances? What is
the noise floor in CNFETs? And finally, how do the CNFETs behave with respect
to long term stability? These four key questions are addressed in the following
sections.

All CNFETs measurements shown within this section are from CNFETs that are
fabricated and characterized according to the process introduced in section 4.1
and the measurement methodology described in section 4.2.

4.4 Q1: CNFET Prior to and After Al 2O3 Encapsulation

We start with investigations of CNFET device encapsulation by ALD of Al2O3.
Comparative electrical characterization of devices prior to encapsulation and af-
ter encapsulated are carried out to study the effects of ALD Al2O3 encapsulation
on CNFETs. The section also introduces metrics employed to quantify data obtai- CNFET

Metricsned from gate characteristics measurements, such as on-state conductance, gate
hysteresis width and gate hysteresis location.

Methods that reduce device instabilities have already been investigated by se- Review

veral groups, including CVD of SiNx, which leads to air-tight but non-conformal
coating1, and polymethyl methacrylate (PMMA) that enables conformal coating
but is not air-tight over periods exceeding minutes to hours [115–117]. CNFET

1 We use the term conformal coating to describe a protection method that is capable of coating
structures of any topography such as sidewalls or undercuts in MEMS devices. This is how
conformal coating is used in the context of passivation layers for microelectronic devices (see e.g.
http://tinyurl.com/Conformal-Def-Dow-Corning).
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Figure 4.7: Gate characteristics of encapsulated (a,b) and non-encapsulated (c,d) semicon-
ducting (a,c) and SGS (b,d) CNFETs. Measurements are made on 4 different SWNTs.

for sensors require conformal and air-tight coatings over long periods. Atomic
layer deposition (ALD) of ZrO2 as a high κ-gate dielectric [42] has been used to
improve the transistor performance of CNFETs for microelectronics applications,
and in a recent study ALD of Al2O3 is used at the CNFET channel area to achieve
lower sub threshold swing and reduced 1/f noise [118]. ALD deposition tech-
niques are of particular interest for CNFET encapsulation because they provide
plasma-free and low temperature deposition conditions that yield pinhole-free
and near conformal dielectrics of high quality [109, 119].

Measurements on typical long channel transistors made from two SGS- and
two s-SWNTs with and without ALD Al2O3 encapsulation are presented in fi-
gure 4.7. Non-encapsulated s-SWNT transistors measured in ambient air are p-
type transistors as shown in figure 4.7(c). CNFETs from s-SWNTs encapsulated
by Al2O3 exhibit polar n-type transistor behaviour as shown in figure 4.7(a). Such
a change from p- to n-type characteristic has been previously observed upon an-
nealing CNFETs in vacuum. The phenomenon was attributed to a change in the
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energy barriers at the CNT-metal contacts caused by oxygen desorption during
annealing [120–122].

ALD alumina encapsulation results in more pronounced changes in s-SWNT
CNFETs than in SGS-SWNTs. Measurements of encapsulated and
non-encapsulated SGS-SWNTs are shown in figure 4.7(b) and figure 4.7(d), res-
pectively. Even though both CNFETs are ambipolar, the encapsulated CNFET
has a higher n-type than p-type on-state conductance. The minimum current of
the non-encapsulated CNFET is at a much more positive location on the Vg axis
compared to the encapsulated CNFET, therefore the applied Vgmax is not enough
to drive the CNFET in the n-type on-state regime. It is well known, that CN-
FETs from different SWNTs obtain variations in the gate threshold voltage and
on-state conductance. The results presented in figure 4.7 are therefore valid for
a qualitative comparison. Quantitative comparisons between encapsulated and
non-encapsulated CNFETs are only obtained from measurements on the same
CNFET prior to and after encapsulation.

Measurements on the same CNFET prior to and after encapsulation is shown
in figure 4.8 [123]. The obtained gate characteristics are typical for a long channel
device with a SGS-SWNT measured by cIdVg setup. The measurement parame-
ters are set to Vds=30 mV, Vgmax=7.5 V and sweep rate (SR) SR = 2.25 V/s. Before
encapsulation in ambient air (indicated by black dashed line in figure 4.8), the
on-state resistance at Vg=-7.5 V is Ron= 44 kΩ, which indicates good contacts bet-
ween the SWNT and the Cr/Au metal. Hysteresis is present for wide Vg sweep
ranges, which is supposedly due to charge traps in the vicinity of the SWNT.

For analysis purposes we have determined the width of the hysteresis H and CNFET
metrics:
Gon, H, L

location L by the following procedure. By a local linear interpolation Idsb and
Vgb at the maximum transconductance (dIds/dVg) point of the backward sweep
(+Vgmax to -Vgmax) are extracted (see figure 4.8). Then, the corresponding value
Vgf for the forward sweep is locally interpolated at Idsb.

The hysteresis width is then given by H = Vgb-Vgf and the hysteresis location Hysteresis
Widthby L=(Vgb+Vgf)/2. With this procedure, for the non-encapsulated SGS-CNFET in

figure 4.8, the hysteresis width is H=2.3 V and location L=2.5 V. Measurements
on the same CNFET after the ALD Al2O3 encapsulation are shown in the same
figure with solid red line. After encapsulation, a slight increase (∼5%) of the
on-state resistance (Ron=46kΩ), a significant reduction of the hysteresis width to
H = 0.6 V and a negative shift (∆L=-2.6 V) of the gate characteristic is observed
(L=-0.1 V).

Discussion

The discussion of device characteristics prior to and after Al2O3 ALD encapsula-
tion begins with the chemistry of the ALD process. In the pretreatment phase of
the ALD Al2O3 deposition process, H2O and O2 molecules are removed from the
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Figure 4.8: Gate characteristics of a SGS-CNFET prior to (dashed black) and after (solid
red) encapsulation by ALD alumina. After encapsulation a large shift of the gate cha-
racteristic and significant reduction of hysteresis, H, is observed while the Ron is in-
creased by only 5%. The inset schematically displays the measurement setup, where
a source-drain voltage Vds is applied to the CNFET, the source-drain current Ids ac-
quired while a linear (cIdVg) or pulsed (pIdVg) gate voltage Vg is applied to measure
the gate characteristic. Blue lines indicate Idsb at which the hysteresis width (H) and
the location of the hysteresis (L) were calculated. c© Institute of Physics and IOP Pu-
blishing 2009.

SWNT and SiO2 surface in a N2 atmosphere at 150 ◦C. The Al2O3 growth starts
on a SiO2 surface that is terminated by hydroxyl groups (SiOH). During the nu-
cleation phase of the growth, the trimethyl aluminum (Al(CH3)3) reacts with all
initial hydroxyl groups at the SiO2 surface forming covalent bonds. On the other
hand, we follow the arguments in [44, 124] that ALD Al2O3 cannot nucleate on
largely defect free SWNTs, due to intrinsic chemical inertness of SWNTs and the
absence of hydroxyl groups at their walls. In summary, the ALD Al2O3 deposi-
tion process decreases H2O and O2 content, reduces the hydroxyl groups in the
vicinity of the SWNT, and largely reduces the surface of the active oxide area. We
define the active oxide area as the non-encapsulated oxide surface around the
SWNT that is close enough to influence the CNFET characteristics. This surface
can extend up to a few µm from the SWNT [125]. Furthermore, once deposited,
the ∼100 nm thick Al2O3 layer forms a barrier against H2O and O2 diffusion to
the SiO2 and metal-CNT interface.
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The above chemical changes are subsequently assumed to influence the CN-
FET characteristics in the following ways: First, the removal of O2 changes the
initially p-type CNFETs into n-type, via a Schottky barrier (SB) change at the
contacts. Second, the removal of H2O molecules, the reduction of silanol groups
and the decrease of the active oxide surface area reduce the hysteresis width.

We now discuss the hypotheses summarized above and compare it with pre-
vious results. Concerning the overall Ids-Vgcharacteristics, as the two measure-
ments in figure 4.7(a) and (c) show, CNFETs in ambient are polar p-type while
ALD Al2O3 encapsulated devices are polar n-type. In previous studies it was
shown that gradual removal of oxygen leads to a similar p-type to n-type transi-
tion [121] while Derycke et al. [120] pointed out that thermal treatment in an inert
atmosphere modifies the metal-nanotube interface at the contacts and results in
n-type behaviour. Both mechanisms are involved during the deposition of the
ALD alumina. The p- to n-type transition is believed to reflect a change in the
SBs at the contacts, due to a modification of the contact metal or SWNT. Oxygen
removal during the pretreatment phase of the ALD process is thus our candidate
mechanism for the observed p-type to n-type transition.

4.5 Q2: CNFET Contact Properties

CNFET Ids-Vg characteristics usually differ from device to device, because of two
main reasons. The first reason are chirality and diameter dependent electronic
properties of the SWNT channel. The second reason are non-reproducible contact
formations between the micron sized metal contacts and the nanoscaled channel.
Contact formation between a metal and a nanoscaled channel is a major chal-
lenge because of workfunction mismatch (SBs), metal grain boundaries, wetting
properties, processing residues and contact oxidation (tunnelling barriers). Ho-
wever, as pointed out in section 2.2.2 these contact junctions play a major role
in the CNFET device performance. Recall that SB heights are mainly dependent
on the SWNT type and diameter, metal workfunction and environmental condi-
tions. SB widths depend on the SB heights, device geometry and bias conditions.

Achieving perfectly reproducible characteristics from device to device requires
chirality controlled or at least diameter controlled SWNT fabrication techniques
combined with controlled contact formation. This goal has so far not been achie-
ved because chirality control is lacking. Contact properties can be investigated
by contacting the same SWNT at different locations. Differences in the Ids-Vg cha-
racteristics are then mainly due to non-reproducible contacts.

In this section, we present experimental measurements to show CNFET device
reproducibility employing long individual SWNTs. To do so, long and straight Channel

LengthSWNTs are contacted at 3 locations to separate the SWNT into two CNFET seg-
ments each of different channel length L. Measurements on s-SWNTs and SGS-
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4 CNFETs for Sensors: Fabrication and Characterization

SWNTs contacted by Pd and Cr/Au metal are presented. All segment lengths
(L > 1µm) are chosen such that CNFET design considerations for sensors are
fulfilled. To prevent fluctuations of the contact properties over time due to in-Encapsulation

fluences from the ambient, all devices are encapsulated by ALD Al2O3. A mi-
croscope image of a device is shown in figure 4.9(a). Geometrically, all CNFETs
are made of SWNTs on 70 nm SiO2 that are contacted by either 40 nm Pd or
2 nm/40 nm Cr/Au and subsequently encapsulated by 70 nm ALD Al2O3. A top
gate made of 2 nm/40 nm Cr/Au is deposited on top of the Al2O3.

Ids of an n-type CNFET at large positive Vgmax saturates indicating that EF liesOn-state
Resistance within the conduction band of the SWNT. The length dependent SWNT on-state

resistance is then obtained from R(L) = Vds/Ids(Vgmax). The on-state resistance
of a CNT with channel length above the elastic mean free path (λel) can be expres-
sed by a contact resistance, Rc, due to imperfect contacts, the quantum conduc-
tance, G0 = 2e2/h ∼ 1/12.9 kΩ−1, for each of the two available modes (M = 2)
and a length dependent resistance mainly due to electron-phonon scattering. The
overall on-state resistance, R(L), is then found by [34]

R(L) = Rc +
h

4e2

[

L

λel
+ 1
]

. (4.1)

Equation (4.1) can directly be related to equation (3.11), where T −1 = L
λel

+ 1 and
the energy barrier, φB = 0 because EF is in the conduction band and SBw is small.

Generally, the elastic mean free path is highly dependent on system parame-λel

ters. Experimental results of the mean free path reported are as large for s-SWNTs
as 0.25 µm≤ λel ≤ 0.7 µm and for SGS-SWNT 0.7 µm≤ λel ≤ 1 µm at room tem-
perature [34].

Pd Contacts

Figure 4.9(b) shows Ids-Vg characteristics of two s-SWNT segments contacted bys-SWNT; Pd
Contacts Pd electrodes with segment lengths L1 = 1.5 µm and L2 = 1.0 µm. Both de-

Similar
Characteristics

vices show similar characteristics (threshold voltages, hysteresis width H) with
the exception of a multiplicative factor. The similarity of the gate characteristics
measured on different sections of the same SWNT indicates that the characteris-
tic features obtained are signatures from the intrinsic electronic structure of the
SWNT rather than effects from random local variations along the SWNT. The re-
sistances of the SWNT segments R(L, Vgmax = 10V) are R1(1.5 µm) = 133 kΩ

and R2(1.0 µm) = 80 kΩ. From equation 4.1 it becomes evident that the resis-
tance of the CNFET scales linearly with the length of the segment if the contact
resistance of both segments are similar and if both segments length are above
the elastic mean free path [34]. Figure 4.9(c) displays the normalized gate cha-Normalized

Characteristics racteristics to a channel length L = 1 µm with R1(1.0 µm) = 89 ± 7.6 kΩ and
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Figure 4.9: Gate characteristics of two different segments contacted by Pd on the same
semiconducting SWNT measured by pIdVg. (a) Microscope image of the measured
devices with two segments and a circular top gate on top of the SWNT. (b) Gate cha-
racteristics of the two segments of length L1 = 1.5 µm and L2 = 1.0 µm at Vds=30 mV.
(c) Normalized gate characteristics to a segment length L = 1.0 µm.
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Figure 4.10: Gate characteristics of two different segments contacted by Pd on the same
SGS-SWNT measured by pIdVg. (a) Microscope image of the measured devices with
two segments and a circular top gate on top of the SWNT. (b) Gate characteristics of the
two segments of length L1 = 1.75 µm and L2 = 1.0 µm at Vds=60 mV. (c) Normalized
gate characteristics to a segment length L = 1.0 µm.

R2(1.0 µm) = 80 ± 4.0 kΩ. The error mainly accounts for the geometrical un- Error

certainties of the segment lengths, where a lateral measurement error of 50 nm is
assumed.

Measurements on a SGS-SWNT contacted by 40 nm Pd are shown in figure 4.10 SGS-SWNT;
Pd Contactswith segment lengths L1 = 1.75 µm and L2 = 1.0 µm. Due to the intrinsic na-

ture of SGS-SWNTs the Ids-off current is non-zero. Again, the similarity of the
two characteristics indicates that indeed the intrinsic characteristic of the SGS-
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Figure 4.11: Gate characteristics of two different segments contacted by Cr/Au on the
same s-SWNT measured by pIdVg. (a) Microscope image of the measured devices.
(b) Gate characteristics of the two segments of length L1 = 1.6 µm and L2 = 1.2 µm at
Vds=30 mV. (c) Normalized gate characteristics to a segment length L = 1.2 µm.

SWNT is measured. Both segments feature a primary conductance dip around
Vg ≈ −0.5 V which is characteristic for a SGS-SWNT and a second
non-characteristic conductance dip at Vg ≈ 2.5 V. The origin of such a second
conductance dip may be due to various reasons. One possible explanation are di-
sorder potentials of distinct energy ranges that are located close to the SWNT that
lead to a reduction of conductance [12]. In our SGS-SWNT both segments exhibit
such a conductance dip which indicates that the origin is not a local effect. The
resistances of the two segments R(L, Vgmax = 10V) are R1(1.75 µm) = 51 kΩ and
R2(1.0 µm) = 30 kΩ. R1 and R2 normalized to L = 1µm are
R1(1.0 µm) = 29 ± 2.4 kΩ and R2(1.0 µm) = 30 ± 1.5 kΩ.

The results presented for s-SWNTs and SGS-SWNTs contacted by Pd electrodes
in summary are: All devices have channel lengths above their mean free path,Summary

where the SWNT resistance scales linearly with the channel length. Normali-
zation of the transistor length results in almost identical CNFET characteristics.
This result suggests that the contact resistances are similar for contacts on the
same SWNT but they are different in magnitude for different SWNT types. s-
SWNTs generally have larger contact resistances than SGS-SWNTs due to larger
Eg (cf. section 2.2.2). This is also obtained from our measurements. The values of
λel and the magnitude of Rc cannot be extracted accurately enough from CNFET
measurements with only two different segment lengths. To calculate those values
more than two segments with different channel lengths have to be measured as
shown in Ref. [34].
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Figure 4.12: Gate characteristics of two different segments contacted by Cr/Au on the
same SGS-SWNT measured by pIdVg. (a) Microscope image of the measured devices.
(b) Gate characteristics of the two segments of length L1 = 1.5 µm and L2 = 1.2 µm at
Vds=60 mV. (c) Normalized gate characteristics to a segment length L = 1.2 µm.

Cr/Au Contacts

Measurement results of contacted s-SWNT segments and SGS-SWNT segments
by Cr/Au metal are shown in figure 4.11 and figure 4.12. CNFETs made from
a s-SWNT (4.11) have channel lengths L1 = 1.6 µm and L2 = 1.2 µm. The gate
characteristics of both segments (figure 4.11(b)) are n-type with almost saturating
Ids at Vgmax=10 V and the corresponding resistance values are
R1(1.6 µm) = 62.4 kΩ and R2(1.2 µm) = 67 kΩ. Interestingly, here R1 < R2
while L1 > L2 and normalization of R1 and R2 to L2 leads to even more pronoun-
ced dissimilar transistor gate characteristics as shown in figure 4.11(c). Variations
in the gate threshold voltage and the width of the hysteresis are also evident from
the measurements.

Characteristic features and on-state resistances of the Ids-Vg characteristic of a
Cr/Au contacted SGS-SWNT (figure 4.12(b),(c)) are almost identical. Both seg-
ments exhibit a conductance dip at Vg ≈ 0 V of the backward sweep and a p-type
on-state resistance larger than the n-type on-state resistance. The gate threshold
voltage and hysteresis width as well as the off-currents are similar, indicating
again that intrinsic properties of the SWNT is probed rather than effects from
random local variations. Quantitatively, the n-type on-state resistances normali-
zed to L2 = 1.2 µm are R1(L2) = 30 ± 3.2kΩ and R2(L2) = 32 ± 1.4kΩ.

Discussion

To discuss the result we start with the s-SWNT segments. Cr/Au as well as Pd s-SWNTs

contacted segments encapsulated by Al2O3 exhibit n-type behaviour with a hys-
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teresis location (see section 4.3 for definition) at slightly negative gate voltages
for both types of metallization. The hysteresis location of Pd contacted devices is
slightly more negative than those contacted by Cr/Au. The p-type conductivity
is strongly suppressed for Cr/Au and also strongly suppressed but less pronoun-
ced for Pd contacted devices. The on-state resistances measured from Pd de-
vices are larger than those measured for Cr/Au contacts. Measurements from Pd
contacted CNFETs in ambient usually show very low on-state resistances because
of the metal workfunction alignment to the valence band [26]. ALD encapsula-
tion modifies the metal and/or the SWNT workfunction that results in a change
in the metal-SWNT band alignment. The low on-state resistance of Cr/Au com-Work Function

Alignment pared to Pd suggests that its workfunction aligns better to the conduction band
of the SWNT than Pd. The same reason might also be an explanation for the
strong suppression of p-type hole current due to larger hole-SBs for the Cr/Au
contacts. Nevertheless reproducibility of the gate characteristics for Pd contacted
s-SWNTs is better than Cr/Au contacted devices. One possible explanation toWetting

Properties that are superior wetting properties of Pd compared to Cr/Au. Good wetting of
the metal with the SWNT reduces contact tunnelling barriers and can increase
the reproducibility of CNFET characteristics.

SGS-SWNTs with almost continuous density of states are less prone to SBs nei-SGS-SWNTs

ther for holes nor for electrons. Tunnelling barriers at the contacts may be the
major source for non-reproducible results on different segments of one indivi-
dual SWNT. Results for both types of metals show, however, reproducible cha-
racteristics with comparable and very low on-state resistances.

The results presented in this section have partially been verified in a recent
study conducted by K. Chikkadi on CNFETs fabricated by the same fabrica-
tion process as presented in section 4.1 [126]. Long large diameter s-SWNTs are
contacted at 5 locations by Cr/Au contacts to fabricate CNFETs on four segments
with identical channel lengths. The obtained on-state conductance on 4 different
SWNTs (16 segments) are quantitatively similar in magnitude and variation as
for the CNFETs presented in this section [126].

In summary, device reproducibility for Cr/Au and Pd contacted s-SWNTs andSummary

SGS-SWNTs encapsulated by ALD Al2O3 were investigated. The on-state resis-
tance of Pd contacted long channel devices linearly scale with the channel length
and are similar for the same channel length. This indicates reproducible contacts
on the SWNTs and gate characteristics that are dominated by the intrinsic elec-
tronic properties of the SWNTs. Cr/Au contacted SGS-SWNTs also exhibit repro-
ducible gate characteristics while s-SWNTs are dominated by less-reproducible
characteristics. The results suggest to use Pd contacts for SGS- and s-SWNTs. In
order to verify the findings presented in this section by statistical relevant data a
larger number of s-SWNTs and SGS-SWNTs will have to be tested.
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4.6 Q3: Noise in CNFETs

In the previous chapters the exceptional properties and particularities of SWNTs
in FET configuration for microelectronic and sensor devices have been examined.
It is demonstrated that CNFETs are not just down-scaled versions of conventio-
nal transistors. However, as transistors dimensions are scaled down towards System Scaling

nanometer size, low frequency electrical noise is expected to play an increasingly
important role [127]. This is especially expected for SWNT transistors with chan-
nel diameters in the order of 1 nm. Noise is of particular importance in CNFET
sensors where they are used as analog transducers.

The goals of this chapter are twofold. First, the noise magnitude dependency
on CNT parameters (channel length, SWNT type), environmental parameters
and electrical transistor bias (Vds, Vg) are experimentally investigated. Second,
noise measurement data is qualitatively compared against possible noise models.

Research on low frequency noise in SWNT has uncovered unexpectedly large
1/ f low frequency signal fluctuations that is described by the current noise po-
wer spectral density, SI [128–139].

SI( f ) = A
I2
ds
f α

, (4.2)

where A is the noise amplitude and f the frequency. α is a system dependent
parameter and describes how fast SI is scaled with respect to f . Usually α is
around 1.

The magnitude of A is a central parameter of 1/ f noise because the magnitude
of SI is directly proportional to A independent of f . A is also a system parameter
that strongly depends on device type, device geometry and electrical bias.

The most popular noise models for classical devices describe noise by two dif- Noise Models

ferent physical mechanisms: Carrier number fluctuations and carrier mobility
fluctuations. Noise models for mobility and number fluctuations are introdu- Classical

ced and adapted for CNFETs operated as classical transistors in section 4.6.1.
Recently, a noise model for ballistic CNFET devices has been proposed by Ter- Ballistic

soff that is based on device transmission fluctuations due to oxide charge trap
fluctuations [140]. This model is introduced in section 4.6.2

After a brief theoretical introduction of noise models, a state-of-the-art over- State-of-the-art

view is given on 1/ f noise in CNFETs. In section section 4.6 1/ f noise measure-
ment results are presented from s-SWNTs and SGS-SWNTs devices that are either
exposed to the ambient or under ALD Al2O3 encapsulation. The data presented
in this section is based on measurements from a total of 11 SGS-CNFET and 7
s-CNFETs encapsulated by ALD Al2O3 and 2 SGS-CNFETs and 8 s-CNFETs in
ambient from 8 different samples. The measurement setup used for the CNFET
characterization is described in section 4.2.3.
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4 CNFETs for Sensors: Fabrication and Characterization

4.6.1 1/ f Noise in Diffusive CNFETs

Flicker or 1/ f noise in MOSFETs has been studied for many decades. Since early
this noise type has been explained by two different physical mechanisms. InCarrier

Fluctuations the carrier number fluctuation theory, originally proposed by McWhorter, 1/ f

noise is attributed to random trapping and detrapping of charges in the gate
oxide [141]. It is suggested that trapping and detrapping happens via tunnelling
between the Si channel and the gate oxide. These trapped charges modify the
potential in the channel which leads to a change in the current Ids.

The mobility fluctuation theory proposed by Hooge attributes the 1/ f noiseMobility
Fluctuations to fluctuations of the carrier mobility resulting from variations in the scattering

cross-section. This leads to a flicker noise with an amplitude that is inversely
proportional to the total number of free carriers in the device, N. For CNFETs,
the number of free carriers, N, can be estimated from

N =
cgL

e

∣

∣Vg − Vth
∣

∣ , (4.3)

where cg is the CNFET gate capacitance per unit length and e is the electron
charge. The noise PSD, SI is then expressed by

SI =
αH

N

I2
ds
f

, (4.4)

where αH is the system dependent Hooge constant.
Furthermore, for modern MOSFETs with sub-micron channels, Ids current fluc-

tuations start resembling random telegraph signals (RTS) generated by indivi-
dual oxide charge traps. The power spectrum density of such individual oxide
charge traps can be described by a Lorenzian and is highly temperature de-
pendent [142].

Detailed studies on RTS noise in MOSFETs led to further insights into noiseUnified Noise
Model mechanisms and a new model for flicker noise was proposed, which is known as

the unified 1/ f noise model (UNM) [143]. The unified noise model assumes that
1/ f noise occurs due to a combination of carrier number and Hooge type sur-
face mobility fluctuations. The gate oxide supposedly contains a uniform spatial
distribution of charge traps near the MOSFET channel. Each individual charge
trap is characterized by a Lorenzian trapping and detrapping distribution. The
sum of all distributions yield a 1/ f noise spectrum [142]. This is the number
fluctuation part of the unified noise model. Such dynamically fluctuating charge
states entail a modification of the surface potential and at the same time dynami-
cally change the coulomb scattering rate of carriers in the channel. Dynamically
modified scattering rate implies a dynamically modified carrier mobility.

A CNFET with a channel length above the electron mean free path, λel, expe-
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riences both elastic and inelastic scattering of electrons. Scattered electrons can
remain in the channel or they can be ejected into the nearby oxide, where they
can get trapped. The latter type of process leads to a change in the charge state of
the oxide which changes the surface potential at the SWNT φCNT. The fluctuation
amplitude of Ids is given by [143, 144]

δIds = gm · δφCNT + αcs Idsµeffδqox, (4.5)

where gm = dIds
dVg

is the device transconductance, µeff is the effective mobility, αcs

is the Coulomb scattering coefficient and δqox is the charge trapped in the oxide.
The second term in equation 4.5 expresses the change in carrier mobility due to
fluctuating charge states from number fluctuation processes. The overall current
fluctuation amplitude δIds results in the following relationship for the current
noise PSD, SI

SI

I2
ds

=

(

1 + αcsµeffcg
Ids
gm

)2 ( gm

Ids

)2
SφCNT, (4.6)

where cg = 4πǫrǫ0/(2 ln (tox/d)) is the CNFET capacitance per unit length and
SφCNT is the voltage power density of the potential at the CNT surface.

Equation (4.6) is only valid in the channel area of a CNFET. CNFETs with SB contacts

s-SWNTs contacted by metal with a moderately large workfunction exhibit SB
contacts. Due to unique 1D properties of CNFETs and their special electrosta-
tics at the contact region, the width of the SB can be modulated by an applied
gate potential as described in section 2.2.2. Potential fluctuations at the contact
area due to number fluctuations may therefore also modulate the width of SBs
and hence induce Ids fluctuations. Such SB width fluctuations are treated in the
following section (4.6.2) in more detail.

The noise mechanisms introduced in this section are valid for devices with
channel length above the elastic mean free path. Hooge type mobility fluctua-
tions, classical number fluctuation and a combination between the two types, as
widely studied in classical MOSFET devices, provide therefore possible expla-
nations for flicker noise in CNFETs. For ballistic SB-CNFETs, where transport is
described by the Landauer formula, noise can be caused by fluctuations in the
CNFET transmission due to potential fluctuations at the contact area (through
SB width modulations) or in the channel region. Noise mechanisms in ballistic
CNFETs have first been proposed by Tersoff [140] as introduced in the following
section.

4.6.2 1/ f Noise in Ballistic CNFETs

A noise model for ballistic quasi 1D CNFETs has first been introduced by Tersoff
[140] as a charge noise model (CNM). A similar model has previously been used
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Figure 4.13: Schematic drawings for states of a SWNT according to the charge noise model
(CNM) proposed by Tersoff [140]. (a) Alignment of the conduction band in the contact
region for a CNFET with a SB for electrons (top). Changing polarity of charge traps
in the oxide lead to local potential variations that change the SB width (∆SBw) and
modify the transparency of the contacts over time. (b) Charge noise model in the case
of small SBs or very thin SBs. Local electric fields from filled and emptied charge traps
may change the position of EF along the SWNT. This in turn modifies the transmission
of the CNFET channel leading to fluctuations in Ids.

to explain 1/ f noise data in low dimensional ballistic systems [145, 146].
A typical CNFET is made of a SWNT channel adhering to a SiO2 gate oxide as

shown in figure 2.7. This gate oxide is a non-perfect amorphous dielectric mate-Oxide Traps

rial that contains charge traps with fluctuating charge states. Typical gate oxides
contain a wide distribution of trap activation energies and switching times. At
room temperature the charge trap distribution often leads to a fluctuation spec-
trum with 1/ f frequency dependency [142]. So far, these assumptions are com-
parable to those presented in section 4.6.1 for diffusive CNFETs. The transport in
a ballistic CNFET (i.e. channel length smaller than the inelastic mean free path),
however, is not described by diffusive transport (Boltzmann equations) but by
the Landauer formula (see Section 2.2 for details). The net current Idsin the tran-Transmission

sistor is therefore calculated by the difference in population of the left moving
and right moving states but also on their transmission. As a result, Ids depends
on the width and height of the contact SBs and on the potential along the tube,
which generally vary in time due to the fluctuating charge states of the traps.

The current Ids of a CNFET operated in the subthreshold region of a contact li-Contact
Limited

Transmission
mited device, when the SBs are wide, depends exponentially on the width of the
SBs. Any oxide charge trap fluctuation close to the contacts induces a change in
the local potential resulting in a modulation of the SB widths (see figure 4.13(a)),
which corresponds to the noise amplitude ASB. When the SBs are thinned downChannel

Limited
Transmission

70



4.6 Q3: Noise in CNFETs

by an appropriate Vg, the device is in the on-state and the channel becomes the
transport limiting factor. Oxide charge fluctuations will cause time varying po-
tential barriers in the channel, causing electrons to scatter from (see figure 4.13(b)),
which corresponds to a second noise amplitude, Ac. The overall transmission of
the channel is then reduced due to electron scattering. Both mechanisms, SB
width modulation and channel transmission fluctuations add up for the overall
1/ f noise in ballistic CNFET devices.

We first consider noise in the subthreshold region due to SB width modulation.
The total Ids can be expressed by a noise free I0 and a noisy part

Ids = I0(Vg) + γoxSg ·
dI0

dVg
· F(t), (4.7)

where γox is a parameter reflecting the quality of the oxide proportional to trap
densities and activation energies and Sg is a geometry parameter to express how
well the field from the gate voltage can access the contact region [29]. F(t) is a di-
mensionless noise function with a 1/ f power spectrum and a zero time average.
It is a measure of the frequency distribution of the charge traps in the oxide [142].
The time dependent current noise power PI(t) is then given by

PI(t) = (Ids − I0)
2 = γ2

oxS2
g

(

dI0

dVg

)2
· F(t)2 (4.8)

and its Fourier transformation (according to the wiener-Khinchin theorem)

SI( f ) = γ2
oxS2

g

(

dI0

dVg

)2
· 1

f α
. (4.9)

A comparison between SI of the equation 4.2 and the above equation 4.9 yields
for the noise amplitude, ASB, the following relation

ASB = γ2
oxS2

g

(

d ln(I0)

dVg

)2

= γ2
oxS2

g

(

gm

Ids

)2
. (4.10)

Assuming that noise in the channel is independent of the contact noise, the total
noise amplitude is expressed by [140]

A = ASB + Ac

(

Rc

Rtot

)2
(4.11)

= γ2
oxS2

g

(

gm

Ids

)2
+ αc I2

ds, (4.12)
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where αc = Ac(Rc/Vds)
2 and Ac = (δRc)2/R2

c is the noise parameter of the
channel resistance.

The proposed model from equation (4.12) suggests two noise regimes deter-
mined by the CNFET operation region. In the subthreshold region, when the
SBs are wide and the current Ids is small, the noise amplitude from equation
4.12 is dominated by ASB. Increasing Ids by thinning down the SBs and moving
the Fermi level into either the valence or into the conduction band results into a
reduction of ASB and αc becomes dominant.

In CNFET devices where SBs are small due to contacts provided by large work-Ohmic
Contacts function metals (Pd) or because the bandgap of the SWNT is small (SGS-SWNT,

m-SWNT), the transmission may be dominated by the channel. Here, transport
is thermally activated over the barrier of the channel. Fluctuating potentials in
the gate oxide induce time-dependent fluctuating and delocalized barriers in the
SWNT channel. Since the barriers are wide tunnelling through the barriers can
be neglected and the overall channel transmission depends on the the maximum
time dependent potential barrier along the CNFET channel. It is then proposed
that ASB turns into a noise amplitude of the channel [140]. Figure 4.13 depicts
schematically the bands for the two cases of (a) SB-CNFETs and (b) CNFETs with
ohmic contacts.

4.6.3 Noise: State-of-the-art in CNFETs

1/ f noise measurements from CNFETs were first reported by Collins et al., in
2000, two years after the first CNFET was successfully measured [131]. These
early measurements were carried out on samples with various geometries and
different number of SWNTs per device. Samples having between 1 to 10 SWNTsCNT mats:

Hooge noise per device were classified as 1D samples, 2D samples contained a single layer of
a SWNT mat and 3D samples contained many layers of SWNT mats. The results
revealed unexpectedly large 1/ f noise for all 3 types of devices measured. 1/ f
noise is four to ten order of magnitude larger than noise in more conventional
conductors. It was expected that current fluctuations due to resistance fluctuation
would be small in a SWNT because of its strong covalent c-c bonds due to the
absence of electromigration or defect propagation. Empirically it is found that the
current noise power spectrum density (PSD) SI of the 1/ f excess noise follows
Hooge’s law given by equation (4.4). Since SWNT based device dimensions are
small, N is also small. But even taking the small N into account, results according
to Collins et al. in large αH values.

Four years later, in 2004, a second study on noise in CNT mats showed that the
1/ f noise scales with the device size [137]. For the same CNT mat resistance but
larger size 1/ f noise is lower. However, the complexity of the system (CNT cros-
sing, different chiralities, mixture of m- and s-SWNTs) and limited information
on the number of SWNTs in a device have made it difficult to interpret the data.
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A follow-up study on low frequency noise in CNFETs made of individual se- Individual
SWNTs:
Hooge noise

miconducting SWNTs was done by Lin et al. [147]. The study is based on two
standard SB-CNFETs in a backgate configuration, with different channel lengths

SB-CNFETof 500 nm and 7 µm. Noise is also studied on a channel switching (C-CNFET)
device configuration, which is especially employed to investigate the influence
of the contacts on noise. The C-CNFET architecture is based on a SWNT channel C-CNFET

contacted by two metal leads in a backgate configuration. A second aluminum
gate coated by a thin native alumina layer is used to bend the bands in the middle
section of the SWNT channel. This architecture allows then to modify the width
of the SBs through the backgate (doping of the contacts) and the channel conduc-
tivity through the middle gate [46]. As expected, the SB-CNFETs with different Channel

Lengthchannel lengths exhibit 1/ f noise that scales inversely to their channel length.
The amplitude A of the noise depends on the backgate voltage Vg. A is increased
in the subthreshold regime of the transistor. The 1/ f noise in the C-CNFET is
similar to the 1/ f noise in SB-CNFETs. At positive backgate voltages Vg the SB at C-CNFET,

Vg> 0 Vthe contacts are too thick for electrons to tunnel into the channel and no current
is flowing through the device. Negative Vg reduce the width of the SBs and elec- C-CNFET,

Vg< 0 Vtrons start to tunnel into the channel. Now, the middle gate can be used to modu-
late the channel conductivity for a constant SB width. By further reducing Vg, the
SBs are thinned down even more and electrons are allowed to more easily tunnel
into the channel. These measurements can be used to resolve whether the noise
is generated at the contacts or in the channel region. If the noise occurs only at
the SB contacts, A is independent on the middle gate and if the noise is only ge-
nerated in the channel region, A is independent of Vg. The results clearly show, Noise:

Channel vs.
Contacts

that A can be modulated by the middle gate similar to A in the SB-CNFETs and
that A is not fully independent of Vg and hence not independent of the contacts.
Based on these observation the following conclusions are drawn in the study. (i)
The gate voltage modulates N in the SWNT channel (Vg in the SB-CNFET and
the middle gate voltage in the C-CNFET), if diffusive transport is assumed. The
measured noise amplitudes, A, correlate very well with the number N of carriers
in the CNFETs obtained by simulation results. (ii) Current fluctuations occur
at the channel region and the contact region (conclusions drawn from results of
the C-CNFET). Lin et al. also suggest that that current fluctuations are caused by
surface potential variations and that surface potential variations are caused by
carrier number fluctuations. (iii) The calculated carriers N and the measured A

allow to calculate the Hooge constant αH = 2 · 10−3, which is comparable to αH

in other systems such as Si devices and is not extraordinarily large as found in
the two previous studies [131, 137].

Shortly after this first publication on noise in individual CNFETs, a number Hooge
Constantof works further investigated 1/ f noise in CNFETs made of individual SWNTs.

Ishigami et al. verify the N dependency of the 1/ f noise and extracted Hooge’s
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parameter αH = 9.3 ± 0.4 · 10−3 from measurements of devices with channel
lengths between 1.6 µm to 26 µm [132]. In contrast to Lin et al. they attribute the
1/ f noise to mobility fluctuations, which is again in contradiction to the work
by Liu et al. who interpret their results as 1/ f noise from carrier number fluc-
tuations [134]. The ongoing debate on the origin of 1/ f noise in planar MOSFET
devices - carrier number fluctuations or carrier mobility fluctuations - has thus
carried over in the SWNT community.

All studies conclude commonly that noise originates partially from mecha-
nisms at the contacts and partially from the SWNT channel. Moreover, it isGate Oxide

believed that the gate oxide plays a major role in the noise generation mecha-
nism. Lin et al. measured noise in the same SWNT once in a suspended and non-
suspended device configuration and obtain a 10 fold noise reduction when theSuspended vs

Non-
suspended

SWNT is suspended [148]. Long before CNFET research emerged, charge traps
in the gate oxide were identified as possible sources for 1/ f type of noise [142].
In general, two different charge traps exist in the oxide, that might also be impor-Charge Traps

tant for noise in CNFETs: Traps located at the interface of the oxide-SWNT with
distinct time constants responsible for random telegraph signals (RTS) and traps
residing in the oxide which have a wide range of time constants and are respon-
sible for the 1/ f noise. If 1/ f noise arises due to potential fluctuations in the gate,
then the noise has to be strongly temperature dependent because trapping can be
freezed out by cooling devices to cryogenic temperatures. At low temperatures,
less traps energies can be activated. Temperature dependency of the 1/ f noiseTemperature

in SWNTs has been investigated in a number of experiments [136, 138, 149]. A
strong temperature dependency is obtained in all studies and a broad range of
trap activation energies of the fluctuators (traps) is observed.

Up to this point the noise in CNFETs had been studied on the basis of mo-
dels for diffusive transport adapted from MOSFET device physics. In the Hooge
mobility fluctuation model, the noise amplitude A = αH/N is inversely propor-
tional to N. Tersoff raises the question in one of his recent papers, on how the
noise can be understood, when moving to nanoscaled ballistic devices, as in the
case of medium to short channel CNFETs [140]. The definition of N is unclear
in ballistic or quasi-ballistic devices and transport is defined by the transmis-
sion probability through the device. Tersoff proposes CNM, a model based on
charge-noise, in which the CNFET transmission probability is affected by poten-
tial fluctuations in the oxide. This noise model is introduced in section 4.6.2. TwoBallistic

CNFETs recent publications from the group of C. Dekker, Delft university, indeed propose
that noise in liquid gated CNFETs scales as proposed by the charge-noise model
and not according to the Hooge type mobility fluctuation model. Interestingly,
the charge noise model also seems to hold for the case of diffusive transport in
long channel transistors (up to 3.4 µm measured).

Figure 4.14 displays a summary of noise amplitudes A collected from most pu-Summary
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Figure 4.14: Summary of noise amplitudes for all available 1/ f measurements on CNFETs
made from individual SWNTs. References: (A, [133]), (B, [147]), (C, [148]), (D, [134]),
(E, [128]), (F, [136]), (G, [135]), (H, [139]), (I, [123])

blications reporting on 1/ f noise in CNFETs to sum up the state-of-the-art review
on 1/ f noise in CNFETs. A general trend for larger A with increasing device re-
sistance R is visible from figure 4.14. The results suggest that Hooge’s empirical
law is also valid for CNFETs because the device resistance R is varied through
Vg which also modifies the number of free electrons, N, in the CNFET chan-
nel (increasing R is related to decreasing N). However, recent measurements by
Mannik et al. suggest that other possible mechanisms also have to be considered
to explain results for ballistic and long channel CNFETs.

4.6.4 1/ f Noise Measurements of CNFETs in Ambient Air

Noise measurements in our long channel transistors optimized for sensing pur-
poses are first shown for non-encapsulated devices operated in ambient air. Then
measurements under Al2O3 encapsulation are presented, which allows for com-
parison prior to and after encapsulation. A typical measurement series of a non-
encapsulated CNFET operated in ambient air and contacted by Cr/Au metal is
shown in figure 4.15. The gate oxide thickness is tox = 200 nm, the channel length Device

Geometryis L = 1 µm and the diameter of the SWNT is d = 2.8 ± 0.2 nm, from which a
moderate electronic band-gap Eg = 0.27± 0.02 eV can be calculated (cf. equation
(2.9)). The electron mean free path of such a device operated at room tempera-
ture in ambient can safely be assumed to be below 1 µm, and as such the device is
not fully ballistic [34]. The ambipolar CNFET gate characteristic (figure 4.15(d))
has a p-type on-state resistance R

p
on = 360 kΩ which is 20 times smaller than

the n-type on-state resistance Rn
on = 7 MΩ. This clearly shows that barriers for Device

Characteristicsboth types of carriers exist but it is also observed that the barriers for electrons at
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Figure 4.15: Overview of 1/ f noise measurements on a s-SWNT in ambient conditions at
Vds = 60 mV. (a) Normalized output current noise PSD, SI/I2

ds, measured from 1 Hz
to 1.6 kHz at distinct Vg. (b) Measured noise amplitudes, A, plotted against Vg and
(c) extracted slope, α(Vg) of the noise PSD. (d) The corresponding gate characteristic,
Ids(Vg).

the source- and drain contacts are larger than those for holes. Usually, CNFETs
contacted by Cr/Au metal are unipolar p-type because the SBs for electrons are to
high for thermionic emission over the barriers and too wide for the given device
geometry to thin down the SBs enough even at large positive Vg. The moderate
Eg of the SWNT is the reason for the asymmetric ambipolar gate characteristic
enabling electron and hole transport.

Figure 4.15(a) displays four output current noise PSD, SI , normalized by Ids
2Measurement

Protocol (SI/I2
ds) from 1 Hz to 1.6 kHz. Each spectrum is measured at Vds = 60 mV and

at a distinct Vg. The values of Vg are chosen such that the spectra correspond
to different points in the gate characteristic. A typical 1/ f spectrum in the de-
vice p-type on-state region at Vg = -7.5 V is indicated by a black square symbol.
Two spectra measured in the subthreshold region of the device at Vg = -5.75 V
(blue triangle) and Vg = -5.13 V (red circle) and finally the spectrum measured at
Vg = -4.5 V (green star) is measured in the CNFET off-state. The spectrum ob-
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A(Vg), (b), (d), (f) of a s-SWNT measured in ambient conditions at different Vds and
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tained in the device off-state deviates from 1/ f behaviour for frequencies above
250 Hz. This deviation is attributed to the noise floor of the measurement chain
that limits valid measurements at SI ∼ 10−25 A2/Hz. Consequently, values for
the noise amplitude, A, and the slope α, which are displayed in figure 4.15(b)
and (c), are obtained by fitting the noise spectra within the valid frequency range
(here, f ∈ [10, 250] Hz). Within the frequency range of interest, all four spectra
from figure 4.15(a) are parallel but shifted in the y-direction with a difference in
SI/I2

ds of almost two orders of magnitude between the spectra measured in the
on-state of the device (black square) and in the subthreshold (blue triangle). This Vg Depen-

dencyresult can also be derived from figure 4.15(b) and (c), where the slope of the spec-
tra, α are all scattered around 1 with α = 1± 0.12 indicating noise spectra that are
parallel. At the same time A is highly dependent on Vg. Overall, in the on-state of
the device (Vg = -8 V to -6.8 V) A ∼ 1− 2 · 10−4 and increases in the subthreshold
region (Vg = -6.75 V to -5 V) to A ∼ 2 − 7 · 10−3, which is followed by a rapid
decrease for the off-state region to A ∼ 1 − 3 · 10−4. In the n-type subthreshold
region the noise amplitude increases to values around A ∼ 5 · 10−4 and remains
at this level for the n-type on-state region.

Before these measurements are tested against noise models introduced in sec-
tion 4.6.1 and section 4.6.2 the influence of Vds and of the time of measurement
are analyzed.

Figure 4.16 depicts three noise measurement runs carried out on the same non-
encapsulated CNFET. Figure 4.16(a) is measured under Vds = 30 mV at day 1,
figure 4.16(b) under Vds = 60 mV at day 1 and figure 4.16(c) under Vds = 30 mV
at day 2. A qualitative comparison of the transistor characteristics and noise Vds Depen-

dency
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amplitudes measured under Vds = 30 mV and 60 mV (figure 4.16(a-d)) does not
show unexpected and significant differences. The Ids is almost doubled for the
same Vgat double Vds. This is because the overall gate dependent resistance of
the CNFET, R, is nearly constant with Vds as observed from Ids-Vds measure-
ments. The CNFET gate threshold voltage Vth ∼ −5 V and the on-state resis-
tances (Ron(30 mV) = 315 kΩ and Ron(60 mV) = 368 kΩ) are therefore com-
parable. The extracted noise amplitudes A(Vg) are very alike in the device n-
and p-type on-state and vary only in the subthreshold region by a factor of 2-3
(for -6.75<Vg<-5 V). This result is anticipated because any change of Vds, linearly
related to Ids, is factored out in A (equation (4.2)).

A comparison of measurement series made at two consecutive days at the samePoint in Time

Vds and Vg range evidence a difference in the noise amplitudes and gate charac-
teristics. The location of the subthreshold region (gray area) measured at day 2,
shown in figure 4.16(c), has moved to the left by ∼ 1 V from -6.75<Vg<-5 V to
-7.75<Vg<-6 V. At the same time, the shape of the gate characteristics remains
almost unchanged. The only change in the gate characteristics is the observed
increase in the on-state resistance from Ron = 315 kΩ at day 1 to Ron = 417 kΩ

at day 2. This increase is investigated in detail in section 4.7, and is attributed to
oxidation of the unprotected contacts in ambient conditions.

The shift of the gate characteristics in the order of volts is regularly observedVth Shift

in CNFETs measured in ambient conditions. A shift to the left towards negative
Vg is attributed to doping of the s-SWNT channel (see section 3.1) by molecules
with a strong electron affinity (such as oxygen), that moves EF towards Ev. How
is this interaction between molecules and π orbitals of the SWNT reflected in
the noise characteristics? As observed from the two figures there is one major
difference between the two measurements. The overall noise amplitude charac-
teristics exhibits a rigid shift by exactly the same ∼ 1 V into the same direction
as the gate characteristics. The shape and magnitude of the noise amplitude re-
mains unchanged. This important observation results into two hypothesis. 1/ f
low frequency noise is only dependent on the relative location of EF with respect
to the band edges of the SWNT and hence, only on the surface potential of the
SWNT and not on the applied Vg. Low molecular coverage of the SWNT results
into doping of the SWNT, which modifies the SWNT surface potential without
significantly influencing the noise generation mechanism.

4.6.5 1/ f Noise in CNFETs Prior to and After Encapsulation

From the previous section it is observed that the noise amplitude, A, of a s-SWNT
measured in ambient conditions is stable around A ∼ 10−4 in the transistor on-
state (see figures 4.15, 4.16). Ageing or doping mechanisms lead to small fluctua-
tions of A. In this section, 1/ f noise is investigated prior to and after Al2O3 en-
capsulation of a SGS-CNFET in the on-state. The comparison is made in the
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device on-state due to the following reasons. First, noise in the Ion/Ioff tran-
sition region is strongly dependent on the transconductance (dIds/dVg) of the
device [135, 140]. After encapsulation (dIds/dVg) changes due to a different gate
coupling, which renders direct comparison difficult. Second, in the on-state, the
contact barriers (SBs) are thin compared to the transition region and the off-state.
There are indications that SB contact resistances affect significantly the 1/ f noise
amplitude [139].

Figure 4.17 shows the noise PSD of a SGS-CNFET biased at Vg = -7.5 V and
Vds = 30 mV prior to encapsulation (black dashed line) and after ALD encap-
sulation (red solid line). The CNFET is made of a SGS-SWNT with a channel
length L = 1.0 µm and of diameter d = 3.5 nm. The CNFET exhibits low fre-
quency noise with 1/ f α characteristic, which can generally be described by the
noise PSD given by equation (4.2). Extracted values for the exponent α of this
CNFET range between 0.9 and 1.2. Deviations from the pure 1/ f noise charac-
teristic can be attributed to bistable trap states with distinct charging / dischar-
ging time constants which yield random telegraph signals (RTS) with a Gaussian
distribution [138, 150]. Figure 4.17 shows a decrease of the noise amplitude A

after ALD Al2O3 encapsulation by a factor of 4 from Aambient = 6.03 · 10−6 to
AAl2O3 = 1.6 · 10−6. Also the value of the exponent α slightly decreases after
encapsulation. Various studies on semiconducting SWNTs have reported noise
amplitudes A from 6 · 10−5 to 6 · 10−4 at a resistance value of R = 105 kΩ [139]
and A = 6 · 10−5 for metallic SWNTs measured in ambient (Ron = 125 kΩ) on a
SiO2 substrate [148]. Our noise amplitude results for a SGS-CNFET in ambient
air are a factor 10 lower at a resistance of Ron = 44 kΩ. Recently, it has been re-
ported that for CNFETs with contact SBs, the noise amplitude, A, can vary over
more than two orders of magnitude with Vds [139]. This shows that SBs have a
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Figure 4.18: Overview of 1/ f noise measurements on a SGS-SWNT encapsulated by ALD
Al2O3 at Vds = 30 mV. (a) Normalized output current noise PSD, SI/I2

ds, measured
from 1 Hz to 800 Hz at distinct Vg. (b) Measured noise amplitudes, A, plotted against
Vg and (c) extracted slope, α(Vg) of the noise PSD. (d) The corresponding gate charac-
teristic, Ids(Vg).

large influence on noise. In our devices it is believed that SBs are negligible due
to the low Ron = 44 kΩ and the linearity of the Ids-Vds characteristic, both prior
to and after encapsulation. This may explain the low noise amplitude in our SGS-
SWNT FETs. On the other hand, measurements on semiconducting SWNTs are
comparable to the values previously reported in literature (see section 4.6.4).

4.6.6 1/ f Noise Measurements of CNFETs Encapsulated by Al 2O3

Low frequency noise measurements in encapsulated CNFETs is first shown for
one SGS-SWNT (in segment 1, figure 4.12). The SGS-CNFET is made of a SWNT
with diameter d = 3.0 ± 0.2 nm and a channel length L = 1.5 µm and a top gate
sitting on a 70 nm-thick Al2O3 layer. Figure 4.18 depicts the gate characteristic,
noise spectra and extracted A and α against Vg. Noise spectra for frequencies
f ∈ [1, 800] Hz at four different points on the gate characteristics are displayed in
figure 4.18(a). The spectra belong to the subthreshold region (black square, blue
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Figure 4.19: Close up of two CNFETs contacted on
one long SWNT on which low frequency noise
was measured. The circular shaped Au area is
the top gate that is used to apply Vg. Segment
1 and 2 correspond to measurements shown in
figure 4.20(a),(c) and (b),(d), respectively.

triangle, red circle) and to the on-state of the SGS-CNFET (green star). The noise
amplitudes measured in the subthreshold region are larger than those measured
in the device on-state. At the same time, the amplitudes measured at the mini-
mum current (black square) is smaller than those measured in the region where
gm is large (blue triangle, red circle). This observation is comparable to the result
obtained from a s-SWNT in ambient as shown in figure 4.15. The measured noise
amplitude in the device on-state is A(Vg > 1 V) = (1.3 ± 0.14) · 10−6, which is
smaller but comparable to the on-state value of the SGS-CNFET measured in sec-
tion 4.6.5. Approaching the subthreshold region at Vg∼ 0.2 V leads to a gradual
increase in A by one order of magnitude to a maximum value of A = 2.1 · 10−5

at Vg = −1.6 V. Then, A is reduced by one order of magnitude to reach a mini-
mum of A = 2.8 · 10−6 at Vg = −2.1 V, which is the location of Imin. Reducing
Vg further moves EF towards Ev and A increases again to A = 1.5 · 10−5. The
slope of the noise spectra remains almost constant at α = 0.99 ± 0.06 throughout
the whole Vg range measured (figure 4.18(c)). Modulation of A by one order of
magnitude with respect to the CNFET region measured (subthreshold, on-state,
Imin) are the main observed features of 1/ f noise measured on a SGS-CNFET
encapsulated by Al2O3 as also observed for non-encapsulated SGS-CNFETs.

Three additional investigations are presented, before discussing the obtained
results: How does A scale in s-SWNT encapsulated by Al2O3? Can A be qualita-
tively and quantitatively compared when measured on the same SWNT on two
different segments? How does the gate sweep direction (hysteresis) influence A?

An optical microscope image of two CNFETs contacted on one long s-SWNT
encapsulated by Al2O3 is shown in figure 4.19. A circular top gate is fabricated
on top of the Al2O3 encapsulation layer. Figure 4.20 shows noise measurements
from the same s-SWNT as shown in figure 4.19. The s-SWNT is of diameter
d = 2.2 nm with a moderate band gap of Eg = 0.34 − 0.03/ + 0.04 eV accor-
ding to equation (2.9). The gate characteristics shown in figure 4.20(a) and (b) Two SWNT

Segments
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Figure 4.20: (a), (b) Gate characteristics measured at two different segments on the same
long s-SWNT under Vds= 60 mV. (c), (d) Noise amplitudes A of the two segments.

are from two different segments on the same SWNT with length L1 = 1.6 µm
and L2 = 1.2 µm, respectively. Asymmetric ambipolar gate characteristics are
observed for both segments, with Imin at Vg = −2.5 V, and with an Ion/Ioff ra-
tio of ∼ 103 under a bias Vds= 60 mV. The n-type on-state is reached at Vg= 0 V
whereas the p-type on-state is not reached for a gate voltage range and sweep
direction from Vg= -5 V to 5 V. Both gate characteristics are very similar which
leads to the conclusion that the intrinsic characteristics of the SWNT are mea-
sured, as explained in detail in section 4.5. The acquired noise amplitudes, A1.6
and A1.2, shown in figure 4.20(c) and (d) are now compared, starting with the
n-type on-state. Both noise amplitudes start around A ∼ 10−5 at Vg= 5 V which
increases to around A = 7 · 10−5 at the onset of the subthreshold region Vg= 0 V.
Then, A sharply increases to A ∼ 10−2 − 10−3 when Vg is changed from Vg= 0 V
towards Vg, where the gate characteristics features the maximum transconduc-
tance slope, gm. From that point onwards A is reduced to A = 2 − 4 · 10−5 at
Imin, which is followed by an increase to A = 10−3 at the maximum slope on the
p-side of the CNFET characteristics. These results demonstrate, that qualitatively
the noise amplitudes, A1.6 and A1.2, measured on the same SWNT at different seg-
ments exhibit the same Vg dependency. Quantitatively, both segments obtain the
maxima and minima of the noise amplitude at the same absolute Vg. The exact
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Figure 4.21: n-type branch of the gate characteristics and noise amplitudes of a s-SWNT
measured under opposite gate sweep direction. (a) and (c) result for the sweep di-
rection from -Vgmax to +Vgmax. (b) and (d) results for the sweep direction +Vgmax to
-Vgmax. The inset in (a) depicts the full gate characteristic for Vgmax = 7 V.

magnitude of A(Vg) exhibit small differences between the two segments. The
differences are, however, smaller than the scattering of the data.

Both segments shown in figure 4.20(c) and (d) exhibit minima and maxima Vg Sweep
Directionat the same Vg and and at the same characteristic features of the Ids-Vg curve.

This result is obtained when both segments are measured under the same sweep
direction. Hysteresis, which is always present in CNFETs, moves the characte-
ristic features on the Vg axis, when the Ids-Vg curve is measured in the opposite
sweep direction. The size of the hysteresis is dependent on the sweep rate and on
Vgmax [114, 117, 125, 151]. The sweep rate of noise measurements is very low, be-
cause it takes approximately 3-5 min to capture one spectrum at a single Vg value.
Consequently, the hysteresis is very large. Investigations of the influence of the
sweep direction on the noise in CNFETs are shown in figure 4.21. The ambipo-
lar gate characteristics are measured under Vds= 60 mV with Vgmax = 7.5 V and
SR = 2.2 V/h. This yields a hysteresis of the gate characteristics of H = 6.6 V.
For simplicity and clarity only the n-type branch is considered in the analysis.
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The p-type branch behaves similarly. The full gate characteristic of the backward
sweep is shown in the inset of figure 4.21(a). The extracted A values for both
measurements are as follows: In the n-type on-state, A = 3 · 10−5, increasing by
two orders of magnitude to A = 4 − 6 · 10−3 at the maximum gm and decreasing
to A ∼ 5 · 10−4 at Imin. Hence, the maximum and minimum of the noise ampli-
tude values are obtained at the same characteristic features of the Ids-Vg curve,
but at totally different absolute Vg values. The maximum noise amplitude of the
upward sweep is at Vg = -4 V and of the downward sweep at Vg =2.5 V. The
indicated Vg values correspond to the values of the maximum gm.

4.6.7 Discussion

The discussion of 1/ f noise in long channel SGS- and s-CNFETs starts with the
comparison of the three noise models from section 4.6.1 and section 4.6.2. TheUnified Model

unified noise model from equation (4.6) is made of two components, the num-
ber and mobility fluctuation term. The number fluctuation term depends on
(gm/Ids)

2 and the mobility fluctuation term is a constant number that depends
on device parameters such as channel material and size or gate oxide. In the sub-
threshold region, gm is large and Ids drops toward zero. Therefore, the number
fluctuation term dominates in the device subthreshold. In the on-state region,
however, gm ∼ 0 Ω−1 and Ids is large, therefore the number fluctuation term is
reduced close to zero and the mobility fluctuation term takes over.

In the noise model for ballistic transport proposed by Tersoff from equationBallistic Model

(4.12) ASB describes 1/ f low frequency noise due potential fluctuations at the
CNFET channel and contact regions and Ac describes CNFET resistance fluctua-
tions of a classical frequency noise type [140]. ASB dominates in the subthreshold
region of SB and channel limited devices, where the transconductance is large
and the Ids small. In the on-state the noise is dominated by constant channel
fluctuations (δRc) weighted by the overall CNFET resistance R = Vds/Ids.

Both models predict that A ∝ (gm/Ids)
2 in the subthreshold region. The onlyComparison

difference is the origin of the proposed noise generation mechanism. The uni-
fied noise model assumes that the voltage power density of the potential at the
CNT surface, SφCNT, arises from trapping and de-trapping of carriers in the gate
oxide along the CNFET channel. The noise model for ballistic SB-CNFETs predicts
that the noise in the subthreshold region is due to a time dependent transmission
fluctuation. The transmission fluctuation may arise at the contact due to SB width
modulation from trapping and de-trapping of carriers close to the contacts or in

the channel. Consequently, if number fluctuation is the reason for noise, ballistic
short channel CNFETs and diffusive long channel CNFETs carry the same signa-
ture of 1/ f noise in the subthreshold region. This is a direct conclusion of a model
comparison. Both models predict large noise in the subthreshold region, when
gm is large, which is reduced in the off-state, when gm becomes zero. Measure-
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ments of noise in the off-state is only possible in moderate band gap s-SWNTs
and SGS-SWNTs, when the off-state current, Imin is large enough to provide a
measurable noise amplitude.

This is the opposite behaviour as predicted by the Hooge noise model from Hooge Noise

mobility fluctuation. Here, equation (4.3) combined with equation (4.4) predicts
that A is inversely proportional to |Vg − Vth| and reaches a maximum in the off-
state of the device when N is close to or equal to zero.

We now test the observed gate dependency of the noise amplitudes of CNFETs
measured in ambient and under Al2O3 encapsulation for i) the Hooge mobility
fluctuation type of noise and ii) number fluctuation predicted by the unified noise
model for diffusive devices and Tersoff model for ballistic devices.

The scaling of the noise according to the Hooge mobility fluctuation in the sub- s-SWNTs

threshold regime is for example indicated by a black dashed line in figure 4.15(b)
and figure 4.20(a) and (b). The observed noise amplitudes from all 8 measured s-
SWNTs in ambient and 6 s-SWNTs encapsulated by ALD clearly deviate from the
predicted behaviour. Consequently, Hooge type of noise can be ruled out as the
dominant noise mechanism in our s-CNFET devices in the subthreshold region.

SGS-CNFETs are different from s-CNFETs with respect to contact properties. SGS-SWNTs

Here, the widths and the heights of SBs are negligible and noise generated due
to SB width modulation as proposed by Tersoff may be insignificant. Neverthe-
less, 1/ f noise amplitudes in SGS-CNFETs shown in figure 4.18(b) is low in the
device on-state and increases with increasing transconductance in the device sub-
threshold region with a local minimum at Imin. This observation - similar to those
in s-CNFETs - is in contradiction to Hooge mobility fluctuation which predicts an
absolute maximum at Imin. Hence, Hooge mobility fluctuations can also be ruled
out in our SGS-CNFETs.

The red dashed line in figures 4.15(b), 4.20(c), (d) and 4.21(c), (d) are fits of Number
Fluctuationthe model from equation (4.9) as predicted by Tersoff to the noise amplitudes

measured in the device subthreshold region with fitting parameters γ2
oxS2

g and
αc [140]. The fits are carried out on the two sides separately, one for the p-type
subthreshold region and one for the n-type subthreshold region. The fit closely
follows the obtained noise amplitudes. From this we conclude, that number fluc-
tuation describes noise accurately well in the subthreshold region of the device,
as previously found by others [130, 133, 152].

After having demonstrated that number fluctuation describes noise well in the
subthreshold region of the device, further parameters are investigated. The in- Gate Voltage

Vgfluence of the applied Vg is discussed based on the observations from s-CNFETs
in ambient conditions measured at 2 consecutive days as shown in figure 4.16(b),(f)
and based on the observation from Vg sweep direction influences in s-CNFETs
encapsulated by ALD Al2O3 in figure 4.21. The noise amplitude measured in
ambient follows the gate characteristics as described by the model for number
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fluctuation. The shift of the gate threshold voltage by -1 V is attributed to doping
of the SWNT by molecules with a strong electron affinity. Doping of the SWNT
by such molecules shifts EF closer to the conduction band. Ids in the subthresholdIds

region is exponentially related to the energy barrier heights for electrons or holes,
φB. For p-type conduction and in the absence of SBs or for small SBs, the barrier
for holes is φ

p
B = EF − Ev. At the same time, the surface potential of the SWNT,

φCNT is directly related to φ
p
B. Therefore, Ids is a measure of φCNT. Since the noise

amplitude in the subthreshold region is directly related to Ids and not Vg, it is
indeed related to the fluctuation of the CNT surface potential, SφCNT , which is
predicted by equation (4.6) and indirectly by equation (4.12).

The surface potential, φCNT, and the fluctuation power spectrum density, SφCNT,Surface
Potential may vary along the CNFET channel and are complicated functions of Vg, the trap

density of the gate oxide, the doping level and DOS of the SWNT and the gate
coupling coefficient of the undoped system. For 1/ f noise measurements on the
same SWNT in ambient measured under the same Vgmax and SR, the DOS and
gate coupling coefficient of the undoped system remain unchanged. Only the
doping level (through molecular doping) and the surface trap density of the gate
oxide (through H2O molecules) can vary over time. The measurements shown
in figure 4.16 lead therefore to the conclusion that such effects influences the low
frequency noise in CNFETs only minor.

Low frequency noise measurements obtained by a change in the sweep direc-Sweep
Direction tion partially confirm the above conclusion. Again, noise amplitudes in the sub-

threshold region depend only on the magnitude of Ids and as such on φCNT and
SφCNT. This time, all parameters potentially influencing A remain untouched ex-
cept for the fill level of the gate oxide traps. Traps are positively charged for the
sweep direction from −Vgmax to +Vgmax, shifting the gate characteristics toward
negative Vg and negatively for the opposite sweep direction shifting the gate cha-
racteristics toward positive Vg. SφCNT seems to remain unchanged upon polarity
change of the Vg sweep direction, even though the gate characteristics are shifted
by 6.6 V. This result can only be explained by a very broad and constant energy
distribution of traps in the gate oxide near the SWNT combined with a 1/ f fre-
quency dependency of traps activated at each energy.

Noise amplitudes measured on two different segments of the same SGS- and s-Local Defects

SWNT with the same measurement parameters are almost identical as for example
shown in figure 4.20. This result is based on measurements from 2 SGS- and 2 s-
CNFETs, each contacted at 2 segments. Noise in CNFETs is therefore not caused
by local defects in the CNFET channel and/or by local defects in the gate oxide.

4.6.8 Conclusions

In conclusion, it is shown that the low frequency noise in SGS-CNFETs and s-
CNFETs encapsulated by Al2O3 and measured in ambient conditions is gate vol-
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tage dependent. Qualitatively the Vg dependency is the same for both SWNT
types measured under both conditions. Quantitatively low frequency noise is
smaller in SGS-CNFETs compared to s-CNFETs. It is also observed that Al2O3 en-
capsulated devices show smaller noise amplitudes compared to devices measu-
red in ambient. The Vg dependency can be explained by the charge noise model
of Tersoff. A(Vg) is minimum at the device on- and off-state where gm ≈ 0 Ω−1.
This A(Vg) proportionality on gm is dominating possible second order noise ef-
fects such as CNFET doping. We have shown that doping of CNFETs leading to
a change in the gate threshold voltage does not significantly influence 1/ f noise
in CNFETs. The oxide and surface traps capturing and releasing electrons have
a broad distribution in energy and time. Therefore noise is independent of the
exact trap filling level. Noise is only dependent on the potential at the surface of
the SWNT, φCNT, and on the fluctuation of the surface potential. This main fin-
ding of how A(Vg) is related to the device Ids-Vg characteristic has large impact
on the design of CNFETs and on the operation point of CNFETs in electromecha-
nical sensors.

4.7 Q4: Long Term Investigations in CNFETs

This section reports on a long-term stability study of CNFETs by investigating
CNFETs encapsulated by ALD Al2O3. We show that non-encapsulated devices Degradation

degrade over a period of 260 days, and that ALD Al2O3 encapsulation leads to
stable devices over the same time frame. The study is conducted on CNFETs
with channels made of individual SGS-SWNTs and s-SWNTs. While s-SWNTs
attract interest for CNT electronic devices and sensors, the SGS-SWNTs transis-
tors generally have small on/off ratios of 1-10 [35] and are of particular interest
for piezoresistive electromechanical sensors due to high sensitivity to strain [7]
(see also Section 3.4 and references therein). The long term characterization is
based on repeated CNFET gate characteristics measurements and 1/ f noise in-
vestigations. In this section the long term transistor behaviour is addressed, and
encapsulated and non-encapsulated devices are compared.

4.7.1 Long term Investigations of CNFET Gate Characteristi cs

We now turn our attention to comparisons of the long term behaviour of ALD
Al2O3 encapsulated and non-encapsulated CNFETs. In total, 10 ALD encapsu-
lated CNFETs (6 SGS-SWNTs and 4 s-SWNTs) and 3 non encapsulated CNFETs
on 4 different samples have been studied for a period of up to 260 days by re- Duration: 260

Dayspeated acquisition of their gate characteristics. All devices are stored at room
temperature in ambient conditions between consecutive measurements.

All gate characteristics are acquired by the gate pulse method (pIdVg) with 500
pulses of different voltage levels with 5 pulses of identical height per level and
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th=1 ms, tl=2 ms and tacq=0.9 ms (see section 4.2.2 for details on the measurement
setup). Pulsed measurements are used because they lead to overall reduced hys-
teresis [112]1.

For CNFET stability investigations, three main parameters are considered as
criteria. First, the on-state conductance, Gon, of the transistor whereCriteria

Gon = 〈Idsmax〉/Vds. 〈Idsmax〉 is calculated by averaging the maximum current
Ids and four neighbouring points to reduce the effect of scattered outliers. The
second criterion is the hysteresis location L, as defined previously. The location
of the hysteresis in semiconducting SWNTs is selected because it correlates to the
location of the hysteresis-free gate threshold Vth, an important stability criterion
for CNFETs in both microelectronics and sensors. The location of the gate thre-
shold is greatly affected by doping and charging of SWNTs in FETs, as shown
by other investigations [67]. The third criterion, the hysteresis width H, corre-
lates to the location and energy levels of trap states in the vicinity of the CNFETs.
Changes in the number, time constants and energy levels of charge traps can in
principle be inferred from the width of the hysteresis [151].

Typical Ids-Vg measurements of both, ALD Al2O3 encapsulated as well as non-Ids-Vg Measu-
rements encapsulated semiconducting and SGS-CNFETs, are displayed in figure 4.22. For

each CNFET type and measurement condition, one gate characteristic is captured
1 day after fabrication and several days later (as indicated in the figures). From
the measurements on both encapsulated CNFETs, it is observed that Gon, L and H
remain almost unchanged for more than 260 days, while both non-encapsulated
CNFETs show a dramatic change (figure 4.22). Overall, the conductance of both,
the SGS and semiconducting CNFETs is decreased independent of the applied
Vg.

The three stability criteria (Gon, L, H) are extracted from long-term measu-
rements on all 10 encapsulated and 3 non-encapsulated CNFETs and the sum-
mary is shown in figure 4.23. The results of encapsulated CNFETs are connectedLong Term

Results by dotted lines, while results for non-encapsulated CNFETs are connected by
dash-dotted lines. Semiconducting SWNTs are indicated by ⋆-symbols and SGS-
SWNTs by a ♦-symbol. Figure 4.23(a) displays the normalized on-state conduc-
tance (Ḡm). To enable comparison, all measurements at day m are normalized to
the on-state conductance measured at day 1 (G1) as Ḡm = Gm/G1, where Gm is
the on-state conductance at day m and G1 the on-state conductance at day 1. ForWithout

Encapsulation:
Degradation

non-encapsulated CNFETs a strong decrease of the p-type on-state conductance
is observed after storing the devices for a few days in ambient conditions. This
decrease, following approximately an exponential law in time, is observed for
both semiconducting and SGS-SWNT transistors. After ∼23-56 days the on-state

1 In our system, pulsed measurements are faster compared to linear sweep measurements. The
pIdVgwas developed later than the cIdVgsetup. Comparative measurements of CNFETs prior to
and after Al2O3 deposition were performed in the early stage of the process development, when
the pIdVgwas not available yet. The long term analysis was later performed using pIdVgmethods.
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Figure 4.22: Gate characteristics of encapsulated (a,b) and non-encapsulated (c,d) semi-
conducting (a,c) and SGS (b,d) CNFETs. Data shown with solid lines was acquired 1
day after completion of the fabrication, and data shown in dash-dotted lines were ac-
quired later, with the number of days later shown in the figure. A clear degradation of
non-encapsulated CNFETs is seen, whereas encapsulated CNFETs characteristics are
almost unchanged. c© Institute of Physics and IOP Publishing 2009.
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Figure 4.23: Summary of extracted stability criteria for 10 encapsulated and 3 non-
encapsulated CNFETs. The results of encapsulated CNFETs are connected by dotted
lines, while results for non-encapsulated CNFETs are connected by dash-dotted lines.
Semiconducting SWNTs are indicated by ⋆-symbols and SGS-SWNTs by a ♦-symbol.
a) normalized on-state conductance (Ḡm). While encapsulated CNFETs show stable
Gon over a period of more than 260 days, non-encapsulated CNFETs exhibit a strong
decrease of the p-type on-state conductance after storing the devices for a few days
under ambient conditions. b) Hysteresis location of the devices. The hysteresis loca-
tion, L, is shifted with respect to the location at day 1 as ∆L = L1 − Lm, where Lm, L1
are the hysteresis locations at day m and 1, respectively. c) change in the width of the
hysteresis ∆H = H1 − Hm versus time, where Hm, H1 are the hysteresis width at day
m and day 1. c© Institute of Physics and IOP Publishing 2009.
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conductance values drop below 10−8 S, rendering devices non-working. In this
context, it is worth mentioning that in contrast to our finding, Pisana et al. mea-
sured stable p-type on-state conductance of a CNFET contacted by Cr/Au metal
over 5 months [153]. This result could not be verified in our experiments. In
fact, all our non-encapsulated samples show a reduction of Gon to 0 S. In contrast With

Encapsulation:
Stability

to non-encapsulated devices, the n-type on-state conductance of all 10 encap-
sulated devices (semiconducting and SGS) does not significantly change over a
period of 176 days. Actually, all devices are still working at the time of writing
this document. After about 108 days the overall conductance values of 10 CN-
FETs increase by only 3% with a standard deviation of 8.3%, and after ∼176 days
an increased on-state conductance of 7% is obtained with a standard deviation
of 9.4%1. To determine whether the origin of the obtained standard deviation is
due to low frequency fluctuations in CNFETs as opposed to ageing effects, gate
characteristics are measured several times (usually between 3-5 times) in a row
on the same day. Error bars corresponding to these short-term fluctuations are
small (comparable in size to the symbols in figure 4.23) compared to long-term
fluctuations. Based on these observations, we conclude that ageing is still appa-
rent in the system, but is of a fundamentally different mechanism compared to
ageing of CNFETs in ambient conditions.

The summary of the hysteresis’ locations L is shown in figure 4.23(b). L is shif- Hysteresis
Location, Lted with respect to the location at day 1 as ∆L = L1 − Lm, where Lm, L1 are the

hysteresis locations at day m and 1, respectively. Again, a significant difference
between encapsulated and non-encapsulated devices is found. While the hyste- Difference

resis location of non-encapsulated devices is highly fluctuating, the location L in
encapsulated CNFETs is much more stable. The maximum change in the hyste-
resis location over the measured time for encapsulated SGS-SWNT transistors is
∆Lmax = 0.15 V while the ∆Lmax of semiconducting transistors is 0.3 V. Due to the
limited number of data samples available for non-encapsulated CNFETs, it is dif-
ficult to indicate a variation range of the hysteresis’ location, but as it can be seen
in figure 4.23(b), it is in the order of volts2. The error bars of the hysteresis’ loca-
tion in encapsulated devices are not small compared to the spread of data. For
the sake of clarity again, we include only the error bars of the sample showing the
largest L variations over repeated measurements. Finally, figure 4.23(c) displays Hysteresis

Width, Hthe change in the width of the hysteresis ∆H = H1 − Hm versus time, where
Hm, H1 are the hysteresis width at day m and day 1, respectively. The results are
comparable to the data shown in the previous figures for Ḡm and L. While en-
capsulated CNFETs exhibit stable H, H is highly fluctuating in non-encapsulated

1 Statistical data for the measurements after 260 days are not available, since only two CNFETs were
measured for more than 176 days.

2 We note that this graph does not show equally many data points for the non-encapsulated devices
over time as shown in figure 4.23(a). This is mainly due to the difficulty to extract the location when
the on-state conductance fell below 20% of the initial value.
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devices.

4.7.2 Long Term Investigations of 1/ f Noise in CNFETs

Besides (Gon, L, H), another important parameter of CNFETs is the stability and
magnitude of the electronic noise. Figure 4.24 displays the extracted parameters
(A, α) of PSD 1/ f noise measured on a SGS-CNFET versus time prior to and
after encapsulation by ALD alumina. The overall measurement period has been
560 days. Figure 4.24(a) displays the noise amplitude A, and figure 4.24(b) shows
the extracted α values. The noise amplitude in ambient conditions is 1.20 · 10−5

and 0.71 · 10−5 at day 1 and 6, respectively. The two values show an absolute
difference of 5 · 10−6 and a relative change by a factor 1.70 within 6 days. AfterNoise

Reduction encapsulation and over a period of 560 days, the noise amplitude decreased and
remained relatively stable at a value A = 1.46 · 10−6± 0.49 · 10−6. The mean value
A = 9.6 · 10−6 prior to encapsulation is reduced by a factor 6.6. A similar result
is found for the α value, which is larger prior to encapsulation with a mean value
of 1.12 and reduced upon encapsulation to 0.94. Therefore, a more pronounced
1/ f noise reduction is observed at low frequencies.

4.7.3 Discussion

As already pointed out in the discussion of section 4.4 ALD Al2O3 encapsulation
leads to a stable barrier against H2O and O2 diffusion to the SiO2 and metal-CNT
interface, reducing the oxidation rate of the contact metal leading to stable Ion
and changing p-type CNFETs into n-type CNFETs.

Although also related to the presence of O2, degradation of Gon, as seen in
figure 4.22(c) and (d), may have two different origins. First, the metal contact
oxidation leads to contact barrier modifications. Second, defects generated at
the surface of the SWNT channel result in additional electron scattering centers.
Continuous oxidation of the contact Cr and Au metal would increase injectionMetal Contact

Oxidation barriers for the carriers which is equivalent to an additional, time increasing se-
ries resistance. This additional series resistance would thus reduce the overall
CNFET conductance independent of Vg, while a change in the metal-SWNT SB
due to adsorbed species would lead to a modification of the gate sweep that
is dependent on Vg [154]. To test whether the reduction of the gate trace is de-
pendent on or independent of Vg, the Ids-Vg curves acquired at different days in
non-encapsulated devices were normalized to the Ion current and qualitatively
compared (data not shown). Indeed, the curves match very well at the on-state
and off-state including the values of the subthreshold slopes (Due to different
H and L the Ion − Ioff transition regions are not matching). The second poten-SWNT

Channel
Degradation

tial Gon degradation mechanism, namely SWNT chemical degradation, would
result in increased carrier scattering off defects. However, as shown theoreti-
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Figure 4.24: Extracted parameters (A, α) of PSD 1/ f noise measured on a SGS-CNFET ver-
sus time prior to and after encapsulation by ALD alumina. The overall measurement
period was 560 days. a) Noise amplitude A and b) the extracted α values. The noise
amplitude in ambient conditions is 1.20 · 10−5 and 0.71 · 10−5 at day 1 and 6, respecti-
vely. After encapsulation and over a period of 560 days the noise amplitude decreased
by a factor 6.6 and remains relatively stable at a value A = 1.46 · 10−6 ± 0.49 · 10−6

(prior to encapsulation of A = 9.6 · 10−6). A similar result is obtained for value of
α which is larger prior to encapsulation (α = 1.12) and reduced upon encapsulation
to α = 0.94. Therefore a more pronounced 1/ f noise reduction is observed at low
frequencies. c© Institute of Physics and IOP Publishing 2009.
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cally [32, 155], the SWNT density of states is non-uniformly affected by defects
resulting in a modification of the gate sweep that is dependent on Vg, again not
observed in our measurements. We therefore conclude that contact oxidation isConclusion

the primary degradation mechanism in non-encapsulated devices. As an addi-
tional test of this conclusion, we developed a fabrication process that allows for
opening windows into the ALD Al2O3 encapsulation layer by means of e-beam
masking and hydrofluoric acid (HF) etching [156] while the contact regions re-
main encapsulated. Key results from these investigations are: CNFETs with open
channel regions remain n-type, the transistors are still working after 232 days but
hysteresis width H is increased compared to measurements prior to the window
opening step1.

While Gon for all non-encapsulated devices goes to zero, the situation for en-s-SWNTs vs
SGS-SWNTs capsulated devices seems to depend on whether the SWNT is semiconducting

or SGS (see figure 4.23). In semiconducting CNFETs all three stability criteria
(Gon, L, H) show approximately 1.5-2 times larger variations compared to SGS-
CNFETs. These variation differences are most probably resulting from the dif-
ferent nature of the SWNTs. Semiconducting CNFETs exhibit larger contact SBs
than SGS-SWNTs of the same diameter. As such, CNFETs from semiconducting
SWNTs are more prone to changes of the metal and/or SWNT work function. We
speculate that material relaxation processes over time at the ALD Al2O3-metal
contact interface, but also at the SWNT-metal and/or SWNT Al2O3 interfaces,
may be leading to small SB variations.

The exact origin of 1/ f noise is still under discussion. It has been suggested1/ f Noise

that noise in CNFETs results from the fluctuations of the device channel transmis-
sion due to filling fluctuations of charge traps in the vicinity of the CNFETs [140].
Therefore the noise amplitude, A, measured for the same CNFET prior to and
after encapsulation is a measure of the number of traps in the CNFET vicinity.
The width of the hysteresis H has also been attributed to trap states in the vi-
cinity of the nanotube channel [117, 125]. It is suggested that silanol groups at
the oxide surface lose their protons or electrons at negative Vg and that elec-
trons are transferred into the SWNT channel while protons are trapped nearby
silanol groups [125]. These trapped charges lead to an additional gate potential
that shifts the gate characteristics. Experiments have suggested that, in depen-
dence of the applied Vg, silanol groups at distances up to 1-2 µm from the SWNT
may be active in the charge trapping mechanism [125]. Further, it is proposed
that H2O molecules act as additional surface charge traps. ALD encapsulation
not only reduces the amount of H2O molecules around the SWNT but it also de-

1 Quantitative results are not obtained due to a relative weak gate coupling of these open channel
devices (back-gate, 200 nm SiO2) and a limited Vgmax=7.5 V. Therefore, the applied electrostatic
field is not strong enough to bring the transistor in the fully n-type on-state. Thus the CNFETs
remain in the transition region between Ion/Ioff at Vgmax. As a result, shifts in L and H significantly
modify Imax.
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creases the number of silanol groups as described earlier, and shrinks the size of
the SWNT/oxide interface. We speculate that these three mechanisms are at the
origin of a reduced hysteresis. It may also be speculated that the reduction of α
as seen in figure 4.24 could be due to the reduction of trap states in the system,
since the surface trap states provided by the silanol groups are found to be stable
with long time constants [125].

4.7.4 Conclusion

In conclusion, we have shown that ∼100 nm ALD Al2O3 deposition at 150 ◦C
in N2 modifies the gate characteristics of CNFETs with respect to their polarity,
the gate hysteresis location and width. Non-encapsulated p-type CNFETs exhi-
bit Gon degradation over time and instable H and L. ALD Al2O3 encapsulated
n-type CNFETs remain stable over a measured period of 260 days. We proposed
that degradation occurs at the contact and is most likely due to metal oxidation,
while stability of H and L is achieved by the exclusion of H2O around the CNFET
channel. Moreover, 1/ f noise measurements in the device on-state show stable
and almost 7 fold reduced noise amplitudes upon encapsulation. Encapsulation
proves to be an effective method to obtain devices which show long-term stabi-
lity, and thus provides a major process step towards future stable CNFET devices.
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5 Carbon Nanotube Pressure
Sensors

This chapter reports on micromachined pressure sensors with CNFETs as the
transducer element. The final sensor design is made of a circular double layer Sensor Design

thin film membrane of SiO2 and Al2O3. The membrane diameter is 40 − 700 µm
and the thickness 140− 300 nm. The piezoresistive CNFETs are embedded at the
interface between the bottom SiO2 and top Al2O3 layer and contacted by metal
leads. The gate is either made of a side-electrode or a top-electrode fabricated on
top of the Al2O3 layer.

Measurement methodologies are then introduced that are used to mechani- Methodology

cally characterize sensor membranes by the bulge test and electromechanically
characterize CNFET strain gauges.

The fabrication of pressure sensors starts with the fabrication of CNFETs as Fabrication

introduced in section 4.1. The additional steps that are required to fabricate the
sensor membrane including back end processing are explained in detail.

After successful fabrication of the sensor, membranes are characterized by the Bulge Test

bulge test method to extract the pressure-deflection characteristics of the thin
film membranes. These characteristics are important for sensor characterization
because the strain in the membrane can be derived from the membrane deflec-
tion. FEM simulations are carried out to extract pressure-strain characteristics of
sensor membranes.

A design for ultra small pressure sensors is presented that is based on the FEM Small Sensors

results of the pressure-strain characteristics. Fabrication and characterization of
the world’s smallest pressure sensors is subsequently presented, which demons-
trates the feasibility to further downscale CNFET based pressure sensors.

In addition to the fabrication and characterization of ultra small pressure sen-
Piezoresistance
of CNFETs

sors, larger pressure sensors are fabricated. The large pressure sensors are em-
ployed to carry out in depth characterization of the piezoresistive properties of
especially SGS-CNFETs in the small strain regime to a level that has not been
achieved in previous investigations. Results include characterization of the gate
voltage dependent GFs, long term investigations of SGS-CNFET strain gauges
and the extraction of the signal-to-noise ratio.
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Figure 5.1: Schematic illustra-
tion of a pressure sensor
made of a thin film mem-
brane and SWNTs electri-
cally contacted in a transistor
configuration used as the
strain sensitive element. It
is proposed to embed the
SWNTs between to dielec-
tric layers to protect the
SWNTs from environmental
influences. c© IEEE 2009.
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5.1 Sensor Design

State-of-the art MEMS pressure sensors for non-vacuum applications are mostly
based on capacitive, piezoresistive or optical readout principles. The core of all
readout principles is the transduction of pressure into deflection of a microma-
chined membrane, which can be detected by any of the previously mentioned
methods. In the 80’s of the last century, piezoresistive sensors were the first and
have been the most successful micromachined products [157, 158]. The strain
in the deflected membrane deforms the piezoresistor, which changes its conduc-
tance. This change in conductance is used to calculate the differential pressure
across the membrane. The main advantages of piezoresistive sensing are the
simple, cheap and robust sensor setup of conventional piezoresistors implanted
in the membrane. This concept has been very successful for MEMS pressure sen-
sors and has led to sensor devices with great performance, high reliability and
low power consumption [158].

However, further improvements and size reduction of conventional sensors
is becoming increasingly difficult. Nanoscaled piezoresistive sensing elements,
such as SWNTs, may overcome this difficulty and make further down scaling
possible. A schematic illustration of a pressure sensor with CNFETs as the trans-
ducer element is shown in figure 5.1. The nanoscaled sensing element allows to
reduce the thickness and radius of the sensor membrane to approach micron si-
zed pressure sensors. The design of CNFET based pressure sensors reported in
this chapter is now summarized.

The sensor is made of a double layer thin film membrane. The bottom layerMaterials

is made of thermally grown SiO2 and the top layer of Al2O3 deposited by ALD.
The SWNTs are grown by CVD prior to the deposition of the Al2O3 layer and
adhere to the SiO2. The CVD growth process produces SWNTs of arbitrary orien-CNFETs

tation and location on the sensor membrane. After growth, they are electrically
contacted and mechanically clamped by source and drain metal leads. The gate
electrode is either placed at one side of the SWNT channel, which is referred to
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as a side-gate configuration, or on top of the Al2O3-layer, also known as top gate.
A sensor consist of a maximum of 8 individual contacted CNFETs.

The membrane is fabricated by bulk micromachining from the backside of the Membrane
Designmembrane through the Si substrate. This is done by a dry etching method, the

deep reactive ion etching (DRIE). The circular shape of the membrane is chosen
due to ease of fabrication by DRIE method. In addition to ease of fabrication, cir-
cular membranes are advantageous over rectangular membranes because strain
in the center is isotropic. Isotropic strain on the membrane is favourable, since
the SWNTs are random in orientation and location.

The working principle of the sensor is similar to a conventional piezoresistive Working
PrincipleMEMS pressure sensor. Upon deflection of the membrane du to a differential

pressure p across the membrane, it experiences a strain. This strain is transferred
to the CNFET strain gauge and the change in resistance is recorded. The ma-
gnitude of strain at a CNFET location for a distinct differential pressure depends
mainly on the membrane materials and geometry and on the exact location of
the CNFET on the sensor membrane. The magnitude of the resistance change in
CNFETs depends mostly on the gate voltage bias and on the strain.

5.2 Methodology

5.2.1 The Bulge Test

The bulge test setup to measure pressure-deflection characteristics of thin film
diaphragms is adapted from the setup used by Bernd Schöberle [159]. The setup
is made of two components. A white light interferometer (WLI) that is used to
measure the deflection of the membrane and a pressure chamber employed to
apply pressure to the membrane under test. The whole measurement process
is fully automated by LabView and the acquired measurement results stored in
text files. One full measurement cycle starts at p = 0 Pa, which is ramped in
equidistant ∆p to a pmax. From there the pressure is ramped down with the
same step size ∆p to p = 0 Pa. The parameters ∆p, pmax ∈ [0, 4] bar and the
corresponding number of steps can freely be chosen. At each pressure level a
WLI measurement conducted. Prior to the measurement it is made sure that the
pressure in the chamber is stabilized. The stored data points are subsequently
processed by dedicated software scripts to extract the load-deflection properties
of membranes.

5.2.2 Electromechanical Measurements

A fully automated, in-house built test stand is available for electromechanical
measurements on the CNFET pressure sensors. It is made of the electronic com-
ponents that are used to electrically bias CNFETs under test and the mechanical
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5 Carbon Nanotube Pressure Sensors

components used to apply pressure to the membrane.
The electrical bias voltages (Vds and Vg) are applied to the CNFET on the mem-

brane by the pIdVg and the cIdVg setup, which are detailed in section 4.2. The
setup to apply pressure to the sensor membrane for electromechanical measu-
rements is made of a flow through pressure circuit. A flow through pressure
controller is used to stabilizes the pressure in the chamber by regulation of the
air flow into the chamber. This allows to dynamically change the pressure. The
setup for electromechanical sensor measurements is controlled and automated by
a dedicated LabView program. The program provides a large range of automa-
ted measurement modes for in depth characterization of the electromechanical
properties of CNFETs. A very detailed user guide of the setup and the LabView
program is given in [113].

5.3 Sensor Fabrication

The fabrication of pressure sensors using CNFETs as active transducer elements
is based on a bulk micromachining processes. Two generations of pressure sen-
sors were designed and characterized within this thesis which are mainly dif-
ferent in the CNFET layout. The first sensor generation (G1) is made of CNFETsGeneration 1

with a side gate configuration and the second generation is based on CNFETs
with top gate electrodes. The main advantages of top gate over side gate elec-Generation 2

trodes are the much better gate coupling and the reproducible gate-to-channel
distance. This distance cannot be controlled in a lateral gate configuration due to
fabrication and alignment inaccuracies.

The fabrication of SWNT based pressure sensors starts with the fabrication of
CNFETs. The fabrication process of CNFETs has been explained in detail in sec-
tion 4.1. Here, the CNFET fabrication process is summarized for completeness.

The CNFET fabrication starts with a 200 µm thick highly doped Si substrateCNFET
Fabrication where 70 nm of SiO2 is grown at 1000 ◦C by dry oxidation. Individual SWNTs

are grown on Ferritin-based Fe catalyst nanoparticles using chemical vapour de-
position (CVD) with methane as feedstock. The SWNT growth takes place at
850 ◦C under a H2/CH4 atmosphere (50/150 mbar) resulting in SWNT mean
diameters d=1.9+1.2/-1 nm [107]. Then the outer ring of electrodes and wire-
bonding contact pads are structured by standard UV lithography, PVD and lift-
off. In order to obtain the location and orientation of the randomly distributed
CNTs, alignment markers are used. These markers are structured by electron
beam (e-beam) lithography, PVD of 2 nm Cr and 40 nm Au, followed by lift-off.
The CNT location relative to the alignment markers is recorded by atomic force
microscopy (AFM). This mapping is used to design individual contact electrodes
to the CNTs, which are patterned by a second e-beam structuring, PVD (2 nm Cr
and 40 nm Au) and lift-off. Immediately after lift-off, the samples are transferred
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5.3 Sensor Fabrication

into the preheated (T = 150 ◦C) Picosun Sunale R-150B ALD reactor where the
conformal growth of 70 nm Al2O3 is carried out using N2 as a carrier gas. An
Al2O3 thickness of 70nm is enough to fully cover and encapsulate the SWNTs.

The pressure sensor fabrication is proceeded with standard UV lithography of Membrane
Patterningthe membrane opening at the backside of the sample using infrared alignment.

AZ4533 is first spun on the membrane front side and then on the back side at
4000 rpm for 45 s and pre baked at 100 ◦C for 2 min. The alignment of the mem- Backside

Alignmentbrane on the sample backside to Au markers on the sample front side is achieved
through infrared (IR) backside alignment. For that the sample is illuminated from
the front side by a standard halogen lamp. Si with moderate to high doping level
is transparent for IR light but Cr/Au markers are non-transparent. An IR detec-
tor is mounted on the microscope of the Karl Süss MJB3 mask aligner and the
life image is displayed on a television screen with dark areas indicating Cr/Au
markers and light areas indicating plane Si/SiO2 surface. The dark areas are fi-
nally mapped to the markers on the mask by moving the sample to the correct
location. The alignment procedure is relatively inaccurate and depends on many
parameters such as Si sample thickness, Si doping level, Si surface roughness,
marker size and marker thickness. The estimated alignment accuracy with our
Si substrate material and sample thickness is ∼ 10 µm.

The resist is exposed for 30 s at an intensity of 8.5 mW/cm2 and developed in Exposure

pure MIF 762 for 120 s, 60 s DI rinsing and N2 drying. A potentially remaining
monolayer of AZ4533 is removed by O2 plasma (200 W, 120 s). . The membrane Membrane

Hard Maskhard mask, made of 70 nm Al2O3 on top of 70 nm SiO2 is etched in 6 % buffered
HF for 200 s. Visual inspection is used to find the correct etch time for hard masks
with layers of different thickness.

After HF etching of the backside hardmask, the sample is glued on a support Bosch Etching

wafer by vacuum grease. Then, the membrane is released by a through wafer etch
employing the BOSCH R© process. The BOSCH R© process is a time-multiplexed
dry reactive ion etching method that produces through wafer holes with vertical
sidewalls. In a first step a plasma is formed from SF6 gas that isotropically etches
Si and in a second step a plasma from C4F8 gas is used to passivate the Si surface.
Repeating the two modes leads to nearly vertical structures. The etch rate of the
process depends highly on the size of the structure. Thus 325 cycles are used to
etch the cavity from large membranes with radii R0 ∼ 50µm and 540 cycles for
cavities of the small membrane (R0 ∼ 20 µm). The exact number of cycles have
to be adapted for each cavity upon visual inspection. When the membrane is
released it is transparent which can easily be detected by microscope.

The sample undergoes a final cleaning step. First, the vacuum grease is remo- Final Cleaning

ved from the sample surface by a short dip in NMP under constant movement of
the sample. Then the rest of the resist is removed in a standard cleaning process
introduced in section 4.1(D).
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Figure 5.2: Image of all sensor types fabricated with the presented process. (a) Large sen-
sor with a circular membrane of R0 = 350 µm and (d) close up of 7 contacted CNFETs
in a side-gate configuration. (b) Pressure sensor of R0 = 40 µm with CNFETs contac-
ted in a top gate configuration. The Au top gate covers the whole membrane area.
(c) Ultra small sensor with R0 = 20 µm and CNFETs in side gate configuration. (e)
Sensor with R0 = 45 µm and e-beam structured top-gate electrodes. (f) Image of an
ultra small pressure sensor with non-perfect membrane shape and misaligned sensor
membrane with respect to the CNFET location. This sensor has not been measured.

Die bonding includes preparation of the ceramic package and gluing the sampleDie- and Wire
Bonding into the package by a conductive two component glue. A hole with a diameter of

3 mm is cut into the ceramic package by laser cutting in order to enable pressure
to be applied to the backside of the sample. The conductive glue, Epotek H20E,
is mixed 1:1 by weight and the sample glued into the package by gently pres-
sing it down, followed by hardening the glue for 15 min at 150 ◦C in a standard
oven. Finally electrical connections are provided from the package to the sample
by wire bonding. The specifications for wire bonding are the same as detailed in
section 4.1(I).

During this work 5 pressure sensors have been fabricated and characterized
by the process described above. The sensor have different membrane geome-
tries and CNFET architectures because they have been fabricated at different
iteration cycles of the process development and characterization phases. Four
different sensor structures are shown in figure 5.2. The first type of sensor fa-Type I
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bricated by the process flow is depicted in figure 5.2(a) with a close up of the
contacted CNFETs in figure 5.2(d). This sensor type has been fabricated twice.
It is made of a circular membrane with a radius R0 = 350 µm and a thickness
of the SiO2, h1 = 200 nm, and Al2O3, h2 = 100 nm. The CNFETs are contacted
by source- and drain electrodes with a side-gate electrode. Measurements obtai-
ned by the sensor shown, have been presented in [123]. The second sensor type, Type II

depicted in figure 5.2(b) is made of a circular membrane of radius R0 = 40 µm
and a thickness of h1 = 200 nm and h2 = 100 nm. The CNFETs are contacted by
source- and drain electrodes with a metal top gate. The top gate is made of a large
circular area covering the whole sensor membrane. The third type of sensors, de- Type III

picted in figure 5.2(e) is made of a circular membrane of radius R0 = 45 µm and
a thickness h1 = h2 = 70 nm. Here, the CNFETs are gated with local top gates
structured on top of each CNFET. Most of the measurements presented in this
section will be shown from this sensor. Finally, the last type is the ultra small Type IV

sensor, which is made of a circular membrane with thickness h1 = h2 = 70 nm
with a side gate CNFET configuration. Measurements on this sensor are intro-
duced in section 5.5 and shown in figure 5.2(c) by a backside illuminated image
through the transparent sensor membrane. An ultra small sensor with a radius
of R0 = 12 µm is depicted in figure 5.2(f). Due to difficulty of etching such a
small cavity through a 200 µm-thick wafer and difficulty of aligning the sensor
membrane to the CNFETs, the membrane is not perfectly circular and electrome-
chanical measurements are not obtained from this sensor.

5.4 Membrane Characterization

The sensor membrane is a central part of the CNFET pressure sensor. It mechani-
cally transduces differential pressure p between the top and bottom surface of the
membrane into a deflection w, which results into a strain ǫ. This strain is trans-
ferred to the CNFET and elongates the sensing element. The strain dependent
bandgap of CNFETs can subsequently be measured electrically.

In this section, analytical and finite element (FE) models are presented to des-
cribe load-deflection and load-strain properties of double layer membranes. These
models are later used to characterize CNFET based pressure sensors. Bulge test
measurements of two double layer membranes are presented and FE models
used to fit to measurement data.

5.4.1 Analytical Models

Analytical models to describe deflection of a circular pressure-sensitive diaphragm
are categorized into small and large deflection. Small deflection models are ap- Small

Deflectionplied if the center deflection, w0, is much smaller than the membrane thickness,
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Figure 5.3: Schematic representation of a double layer diaphragm with coordinate defi-
nitions. The inset shows the two layers made of SiO2 and Al2O3. Each material is
characterized by its Young’s modulus, E, and initial stress, σ0.

h, i.e. w0 ≪ h. Large deflection models predict the deflection well if w0 > 0.2h.Large
Deflection In the latter case stretching of the diaphragm middle plane has to be taken into

account, whereas in the first case only bending moments are considered. Thin
film membranes used in this project (h = 140 nm) clearly exceed center deflec-
tions of 28 nm. Consequently, the model for large deflection of a membrane can
be applied. The deflection of a membrane is described by a set of two non-linear
partial differential equations, the von Kármán equations [160, 161]. Analytical
solutions to the von Kármán equations are only found for special ansatz func-
tions. The ansatz functions predict the shape of the deflected membrane by an
analytical expression.

In this section the load deflection characteristic of multilayer diaphragms is
investigated as proposed in [162, 163]. A schematic representation of a double
layer diaphragm made of SiO2 and Al2O3 is shown in figure 5.3. The inset shows
a close up of the two layers. Each layer is characterized by a Young’s modulus, E,
and initial stress, σ0. To a first order approximation the multilayer diaphragm can
be treated as an extension to the theory for single single layer diaphragm if the
following conditions are satisfied [164]: (i) There is no gliding at the interface bet-Assumptions

ween the two dielectric layers during deformation. (ii) Residual stress in the axis
direction of the middle plane can be neglected i.e. the initial bending moment
is assumed to be zero. (iii) The diaphragm is a membrane i.e. the diaphragm
thickness is a lot smaller than the radius of the diaphragm. The assumptions (i)
and (iii) are valid for our membranes, as will be detailed in the experimental part
in section 5.4.3. Assumption (ii) is partically valid due to different initial stress.
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Nevertheless the analytical solution is a good starting point for our system. In Material
Propertiesorder to apply the theory of elasticity the diaphragm material studied in this the-

sis is assumed to be perfectly elastic, homogeneous and isotropic. Forces that act
on the diaphragm and displace it can be represented by a pressure difference,
p, between the bottom and top surface. The pressure difference is assumed to
be constant over the whole diaphragm and thus the load forces too. It is further
assumed that the diaphragm is perfectly clamped along the edges.

A thin single layer membrane under large deflection is characterized by small Single Layer
Membranebending moments at the clamping boundary compared to the forces acting on the

middle plane of the membrane. Exact analytical solutions on the load-deflection
of a circular diaphragm are not available. Analytical approximations are based
on the minimization of the strain energy, Vs, of a membrane to find a load deflec-
tion dependency. The strain energy, Vs, is the potential energy stored in a body
without flexural rigidity under elastic deformations. In cylindrical coordinates
(r, θ, z) Vs is expressed by [161]

Vs =
Eh

2(1 − ν2)

∫ 2π

0

∫ r0

0
(ǫ2

r + ǫ2
θ + 2νǫrǫθ)rdrdθ. (5.1)

where ǫr is the strain component in radial direction, ǫθ strain in tangential direc-
tion and ν is the Poisson ratio of the material. ǫr and ǫθ are expressed as follows
[161]

ǫr =
du(r)

dr
+

1
2

[

dw(r)

dr

]2

(5.2)

ǫθ =
u(r)

r
, (5.3)

where u(r) is the displacement function in radial direction r and w(r) is the dis-
placement function in z direction.
The ansatz for w(r) in z-direction is

w = w0

(

1 − r2

r2
0

)2

, (5.4)

and for u(r) in r-direction

u = r(r0 − r)(C0 + C1r), (5.5)

where C0 and C1 are constants.

Minimizing Vs yields finally the solution for large deflection of a single layer
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membrane [161].

p(w0) =
2.59D0

r4
0

· w3
0 +

4hσ0

r2
0

· w0 (5.6)

where D0 = (Eh)/(1 − ν2) is the stretching stiffness, and σ0 the residual stress
and E is the Young’s modulus.

Analytical expression for the bilayer membrane are similar to equation (5.6) ifBilayer
Membrane the above given conditions i)-iii) are fulfilled. The deflection of a bilayer mem-

brane is given by

p(w0) =
2.59D0,eff

r4
0

· w3
0 +

4hσeff

r2
0

· w0. (5.7)

The stretching stiffness is now D0,eff = Eps,1h1 + Eps,2h2, where the plain-strain
modulus is Eps(z) = E(z)/(1− ν2(z)). The thickness of the membrane is the sum
of all the individual layer thicknesses h = ∑i hi and the effective residual stress
can be calculated as σeff = (∑i σihi)/(∑i hi).

This analytical set of expressions for large deflection of a circular diaphragm is
used to validate FE models and to obtain preliminary sensor designs.

5.4.2 FEM Models

Analytical solutions of the pressure-deflection characteristics of a membrane are
very useful to obtain a first idea of a sensor layout for existent boundary condi-
tions of a sensor design. At the same time measured load-deflection data of a
real membrane obtained by e.g. the bulge test is easily fitted to analytical models
to extract approximative values of material properties. Complex sensor designs,
however, bring analytical models quickly to their limits and finite element mo-
delling (FEM) takes over.

FEM is nowadays widely-used to design state-of-the-art MEMS devices. Be-FEM
Advantages sides allowing for complex structures to be modelled very accurately, FEM also

opens up the possibility to extract and compute secondary parameters such as
strain and stress. The pressure sensor introduced in section 5.1 is designed such
that the CNFET strain gauge is embedded in the bounding surface between the
bottom layer of SiO2 and the Al2O3 top layer. Moreover, CNFETs are located
and oriented randomly in the bounding surface. Finite element (FE) models are
therefore indispensable to assess the strain at each point on the membrane in the
bounding surface of the two layers.

The use of FE models are twofold within the context of the thesis. FE modelsFEM
Requirements are employed to find the optimal design of the pressure sensor membrane for a

set of design constraints (pressure range, membrane size, membrane thickness).
Second, FE models are also used to fit simulation results to measured pressure-
deflection characteristics of existing sensors. Here, the geometry and the boun-
dary conditions are fixed but the material parameters have to be assessed for a
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Figure 5.4: (a) Axial symmetric 2D FE geometry with mesh used to model the pressure-
deflection characteristics of a circular double layer membrane. (b) close up of the clam-
ping region. The lower membrane layer is made of 70 nm SiO2 and the upper layer of
70 nm Al2O3. The mesh is refined at the edge of the membrane to model this region
accurately.

given membrane. Both attempts are detailed in the following subsections.

FE Models for Sensor Design

Comsol 3.5a and Matlab R2007b are used for FE analysis. The circular diaphragms FEM Design
Modelare modelled by the axial symmetry application mode of the structural mechanics

module in Comsol 3.5a. It is assumed that the membrane material is linear elas- Boundary
Conditionstic and isotropic with an intrinsic in-plane stress. Values of material properties

Young’s modulus, E, and intrinsic in-plane stress, σ0, are taken from literature
and then used as input to the FE model. Figure 5.4(a) depicts the 2D model geo- FE Model

metry of a circular membrane in axial symmetry mode with an optimized mesh
and figure 5.4(b) is a close up of the model showing the edge of the membrane.
The close-up area is indicated in figure 5.4(a) by a rectangular red frame. The
model is based on a Si substrate and a thin film membrane of radius R0 made
of SiO2 and Al2O3 with thicknesses h1 and h2. From the Si substrate only a small
fraction with a size 20x45 µm2 is modelled. The size of Si in the model is large
enough that the stress introduced into the Si upon membrane deflection is re-
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duced to zero at the outer boundaries. All outer boundaries of the geometryBoundary
Conditions elements are free with the exception of the outer Si boundary which is fixed (see

figure 5.4(a)). The membrane boundary at the symmetry axis is only allowed to
move in z-direction. All inner boundaries are fixed, which presumes that no gli-
ding between the SiO2 and Al2O3 is apparent1. Pressure is applied normal to the
lower side of the membrane and to the Si sidewall facing the membrane cavity
(see figure 5.4(b)).

A custom made mesh is used to find an optimum between model accuracy andFEM Mesh

computational speed. The mesh is fine within the membrane and further refined
towards the edge of the membrane to simulate the membrane strain-deflection
behaviour accurately. It is also fine within Si very close to the membrane edge but
coarse far away from the membrane edge. Quadratic elements are used to mesh
the membrane with 5 mesh elements in the direction of the layer thickness (h1,
h2) and ∼ 200 elements in the radial direction. Triangular elements are used to
mesh the bulk Si. This leads to a total of only 2707 elements (767 triangular, 1940
quadrilateral) for a membrane of radius R0 = 45µm. Lagrange elements of orderFEM Elements

2 (quadratic) are chosen to approximate the displacements in radial direction,
u(r), and in vertical z-direction, w(r). This element type is accurate enough for
large membrane deflections and approximates the boundary well.

The static problem is solved by a direct nonlinear solver. Due to the large dis-FEM Solver

placement of the membrane under pressure the system of equations that describe
large deflection have to be chosen to achieve accurate results.

2D FE results of the membrane pressure-deflection characteristics are verifiedModel
Verification by analytical models and 3D FE models. A first model verification is based on

comparing FEM results to results obtained by the analytical model (equation
(5.7)). The relative error versus pressure between the analytical and FE model
is depicted in figure 5.5. The analytical model overestimates the deflection in the
average by 5.75 %. The main reason for this overestimation is based on model
constrictions to in plane membrane forces, which neglect the bending stiffness of
the diaphragm. Consequently, the overestimation is expected. A second model
verification is based on a full 3D FE model. This model verifies results of the 2D
model with accuracy below nm.

FE Models to fit Measurement Data

Pressure-deflection characteristics of the FE model depend largely on materialData fitting by
FEM properties (E, σ0) of the membrane, which are an input parameters to the model.

Properties of thin film materials are difficult to assess because they are highly
sensitive to process parameters. The usual experimental approach to find mate-
rial properties of each individual thin film layer is to separate the problem. First

1 According to discussions with J. Gaspar [165], any gliding at the interfaces would immediately
result into cracks in the membrane.
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Figure 5.5: Measured and simu-
lated center deflection w0
versus pressure p of a double
layer reference membrane.
The relative error (black
triangles down) between the
analytical (black triangles
up) and the FE model (black
crosses) is 5.75 %. Load
deflection measurements are
shown in red circles.

a single layer membrane is characterized by e.g. bulge test. This yields properties
of the corresponding layer. Then, properties of the second layer are determined
by the same procedure [165]. This is repeated for each individual layer with unk-
nown parameters. In the current problem, the properties of both layers, SiO2 and
Al2O3, are unknown. Here, however, the primary purpose of the FE simulation
is to model the accurate displacement of the membrane from which secondary
parameters (strain, stress) are determined. These values mainly depend on Eeff
and not on the individual layer properties. It is not the the goal to determine
exact material parameters. This is beyond the scope of this thesis.

Therefore, as a starting point, it is decided to use property values reported in
literature of dry SiO2 grown under similar conditions for the lower membrane
layer. Then, the values of Al2O3 are found by fitting the model against measured
data. The obtained values are then cross checked to values of ALD Al2O3 in the
literature to see whether the result is in the right order of magnitude. This proce-
dures generates simulated pressure-deflection characteristics matching the mea-
sured data very accurately (see figure 5.5) which allows to determine the strain in
the membrane from the FE model. The load-deflection data are measured from a
circular double layer membrane (SiO2/Al2O3) of R0 = 45 µm, h1 = h2 = 70 nm.
An optical microscope image of the membrane is shown in figure 5.8(a).

The fitting procedure is based on a matlab routine using a non-linear fitting Procedure

algorithm. The algorithm finds least-squares parameter estimates by the Gauss-
Newton procedure1. The non-linear fitting procedure iteratively calls the Comsol
3.5a FE model via an application program interface (API) with two fitting para-
meter E, σ0 of Al2O3. Initial starting values for Al2O3 are taken from [166].

1 The Matlab routine ‘nlinfit’ is used for the non-linear fit. Detailed information on ‘nlinfit’ is given
in the Matlab user guide.
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Strain Distribution

Classical piezoresistors are placed at the location of maximum stress/strain, often
at the edge of a circular or rectangular membrane [167]. The location of CNFET
strain gauges is not known a priori to the sensor fabrication in a SWNT based
pressure sensor, due to random orientation and location of SWNTs on the mem-
brane. Consequently, ǫr(r) and ǫφ(r) have to be known for any point on the
membrane (r ≤ R0). In an earlier work, CNFET pressure sensors based on aAnalytical

Models single layer membrane were characterized, where a simple analytical model for
ǫr(r) and ǫφ(r) is used [6, 95]. Analytical models are expressed by [168, 169]

ǫr(r) =
2
3

w2
0

R2
0

(5.8)

ǫφ(r) =
2
3

w2
0

R2
0

(

1 − r2

R2
0

)

. (5.9)

Equation (5.8) and equation (5.9) predict strain rather well in the center of a
single layer membrane (r < 0.2R0). In the center region strain is almost isotropic
and ǫr(r) ∼ ǫφ(r) [170]. For precise determination of strain outside the region
r < 0.2R0 and in a double layer membrane, FE models are required.

In Comsol 3.5a, ǫr(r) and ǫφ(r) are calculated from displacement functions,FE models

w(r) and u(r), in each element by the following expressions

ǫr(r) =
du(r)

dr
+ 0.5

(

(

du(r)

dr

)2

+

(

dw(r)

dr

)2
)

(5.10)

ǫφ(r) =
u(r)

r
+

1
2

(

u(r)

r

)2

. (5.11)

Equation (5.10) and equation (5.11) are based on the assumption of large mem-
brane deflection and are similar to equation (5.2) and equation (5.3). Large de-
flection is also the reason why u(r) is described by a second quadratic term in the
FE model (equation (5.11)) compared to the analytical model (equation (5.3)).

Strain in the direction of a CNFET with angle β between the radial directionStrain at CNT:
ǫCNT and the direction of a CNFET is derived from solid mechanics theory [171]

ǫCNT(r, p) =
√

cos2(β) (1 + ǫr(r, p))2 + sin2(β)
(

1 + ǫφ(r, p)
)2 − 1 (5.12)

Figure 5.6 shows simulation results for ǫr, ǫφ and ǫCNT versus pressure for a
real device with radius R0 = 36 µm. The CNFET indicated in figure 5.6(a) is
located at r = 36 µm from the center at an angle β = 33 ◦.
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Figure 5.6: Strain simulations in a sensor membrane. (a) Partial image of a sensor mem-
brane with radius R0 = 45 µm and contacted CNFETs. The CNFET location is at
r = 36 µm and the angle β = 33 ◦ is measured between the radial direction and the
direction of the CNFET. (b) ǫr(36 µm), ǫφ(36 µm) and ǫCNT(36 µm) versus pressure p.

A comparison of strain in radial (ǫr(r, p)) and tangential (ǫφ(r, p)) direction Comparsion:
Anlaytical vs.
FEM

computed by analytical and FE models is shown in figure 5.7(a). The circu-
lar double layer membrane made of 70 nm SiO2 and 70 nm Al2O3 of radius
R0 = 50 µm is bulged by a differential pressure p = 1.05 bar. This leads to a
center deflection w0 = 2.15 µm. Relative errors between results for ǫφ(r, p) and Rel. Errors

(ǫr, ǫφ)ǫr(r, p) obtained by analytical and FE model against r and p are depicted in fi-
gure 5.7(b). Both, the error for ǫr and ǫφ are very large (up to a few hundred
percent) for small differential pressures and at the edge of the membrane. To-
wards the center of the membrane (r < 0.2R0) and for large differential pressures
(p > 0.5 bar) the error reaches a constant value of ∼ 6 %, where the analytical
model underestimates the strain. To illustrate the dependency of the relative er-
rors on the radial position, the relative error of ǫr and ǫφ for p = 1.05 bar are
shown in figure 5.7(c).

Finally, we demonstrate the relative error for 2 fictive CNFETs located on the Rel. Error
ǫCNTmembrane in figure 5.7(d). CNFET 1 lies at the edge of the membrane (r = 44 µm,

β = 45◦) and CNFET 2 is located half way between the center and the edge
(r = 25 µm, β = 30◦). The relative error of the strain between the analytical
and FE model is up to -65 % for small deflections at CNFET 1. At the location of
CNFET 2 the error is qualitatively comparable to CNFET 1. However, CNFET 2
is located more towards the membrane center where the overall error is smaller
compared to the edge of the membrane. This investigation clearly demonstrates
the urgency of FE models for strain computations of CNFET pressure sensors.
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Figure 5.7: Comparison of analytical models and FE models to calculate strain in the sen-
sor membrane (R0 = 50 µm, h1 = h2 = 70 nm). (a) Strain in radial (ǫr(r)) and tangen-
tial (ǫφ(r)) direction for a pressure p = 1.05 bar and a center deflection w0 = 2.15 µm.
(b) Surface plot of the relative error between the analytical and FE models (c) relative
error in the center of the membrane versus pressure p. (d) Relative error of strain at
two fictive CNFET locations.

5.4.3 Measurements and Results

The pressure sensor membrane proposed in section 5.1 is made of SiO2 and
Al2O3. Thermal oxidation of SiO2 at elevated temperatures and different tem-
perature expansion coefficients of the bulk Si and SiO2 leads to large initial com-
pressive stress in SiO2. Membranes made of pure SiO2 are strongly buckling.
ALD Al2O3 usually yields thin film layers with strong initial tensile stress [95,
166, 172]. In principle, stress compensation in the membrane can be achieved
through tailoring the thickness ratio h1:h2. Such a membrane will, however, ex-
perience strong forces at the bounding surface of the layers and membrane sta-
bility and functionality it is not guaranteed a priori. So far, such a double layer
SiO2/Al2O3 membrane structure has not been fabricated and characterized.
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Here, pure SiO2/Al2O3 membranes and pressure sensor membranes with in-
tegrated metal leads and contacted CNFETs at the interface of the two layers are
characterized by the bulge test method. It is demonstrated that the initially flat
sensor membrane has an effective initial tensile stress. Moreover, membranes
can withstand differential pressures up to p = 1.05 bar. Results evidence the
suitability of such a double layer membrane as pressure sensor diaphragm.

Design of the membrane thickness is based on material properties from lite- Material
Propertiesrature. Parameters of Al2O3 are chosen according to values reported by Tripp et

al. [166]: Young’s modulus EAl2O3 = 181 GPa and the residual stress
σAl2O3 = 383 MPa. For thermally grown dry SiO2 at T = 1000 ◦C, values of
Young’s modulus ESiO2 = 70 GPa and residual stress σSiO2 = −340 MPa are re-
ported [173]. Poisson’s ratio of Al2O3 are [174] νAl2O3 = 0.24 and the Poisson’s
ratio of SiO2 is according to [175] ranging from νSiO2 = 0.166 to 0.177. A value
of 0.17 is chosen for simulation of pressure-deflection characteristics. Based on
these material properties, a layer thickness ratio SiO2/Al2O3 of 1:1 is chosen as
starting point to yield a membrane with small initial tensile stress.

Figure 5.8(a) displays a top view of a circular double layer membrane of Pure
MembraneR0 = 50 µm and h1 = h2 = 70 nm. The membrane is characterized by bulge

testing method (see section 5.2.1), where a WLI (Zygo New View 5020) is used
to measure the topography of the membrane. An image acquired by WLI at a
differential pressure p = 0.48 bar is shown in figure 5.8(c). The center deflec-
tion w0 = 1.5 µm is obtained from a cross sectional view along ABA’ on the WLI
image as depicted in figure 5.8(d) by averaging the height differences of point
B-A and B-A’. In figure 5.8(b) the measured center deflections (w0) are plotted
against measured p as black circles. A fit of the FE model introduced in sec-
tion 5.4.2 to measured data is plotted as red stars in the same graph. The fit repre-
sents the measurement data very well. As already mentioned in section 5.4.2 the
FEM fit can only predict one set of material parameters. By assuming constant va-
lues for the mechanical parameter of the SiO2 layer (ESiO2 = 70 GPa,
σSiO2 = −340 MPa), estimates for mechanical parameters of the Al2O3 layer
are derived. This procedure yields EAl2O3 = 132 GPa and the residual stress
σAl2O3 = 470 MPa. A comparison with material properties reported in litera-
ture yields EAl2O3 = 168 − 183 GPa for Al2O3 deposited at 177 ◦C [166] and
EAl2O3 = 150 − 155 GPa grown at 100 ◦C [172]. The result obtained for Young’s
modulus of this double layer membrane is therefore relatively low. It could well
be, that this is due to a lower Young’s modulus of SiO2 than the assumed 70 GPa.
The extracted values for residual stress correspond well with the values repor-
ted in literature of σAl2O3 = 383 − 474 MPa for films deposited under similar
conditions [166].

Pressure-deflection measurements of a pressure sensor membrane with inte- Sensor
Membranegrated metal leads and CNFETs at the interface of the two dielectric layers are
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Figure 5.8: Bulge test measurements on a circular reference membrane to obtain pressure-
deflection characteristics. (a) Top view microscope image of the membrane. (b) Deflec-
tion w0 versus pressure p and fit to the FEM model. (c) WLI image of the membrane
under pressure and (d) the membrane cross section along ABA’.

plotted in figure 5.9. The sensor shown in figure 5.9(a) is made of a circular mem-
brane of radius r = 45 µm and incorporates 10 contacted CNFETs each with a
circular top gate. Results of center deflections, w0, measured by WLI are plot-
ted against differential pressure p in figure 5.9(b). A WLI image of the sensor
membrane under a pressure p = 0.42 bar is illustrated in figure 5.9(c) and the
cross-sectional view to measure the center deflection in figure 5.9(d). The image
acquired by the WLI comprises many spikes and dents, due to different reflection
properties of the incident white light from Au and SiO2/Al2O3. As a result the ac-
quired w0 have to be measured manually and the cross sectional view selected ca-
refully. Extracted material parameters for the Al2O3-layer are EAl2O3 = 232 GPa
and the residual stress σAl2O3 = 439 MPa. This time Young’s modulus is unex-
pectedly large, while tensile stress is comparable to measurements on the pure
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pressure-deflection characteristics. (a) Top view microscope image of the sensor. (b)
Deflection w0 versus pressure p and fit to the FEM model. (c) WLI image of the mem-
brane under pressure and (d) the membrane cross section along ABA’.

SiO2/Al2O3 membrane. The additional Au layer on the membrane cannot be ex-
clusively accounted for this large difference of Young’s modulus between the two
measured membranes. Young’s modulus of Au thin film layers of EAu = 78 GPa
were reported by C. Stampfer on a Au bridge structure[95]1. Pressure-deflection
characteristics obtained by FEM simulations of a membrane, where an additional
continuous layer of 40 nm Au between the SiO2 and Al2O3 layers is implemen-
ted, result into reduced w0 of maximum 5 %. Au leads present in the pressure
sensor membrane cover only a fraction of the total membrane area (see figure 5.9),
which will further reduce the effects of Au metal on the pressure-deflection cha-
racteristic of the sensor membrane. However, the two membranes are from two

1 This value of Young’s modulus of Au was determined on a thin film layer of thickness 40 nm,
deposited under same conditions in the same machine as Au layers in our experiment.
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different Al2O3 deposition process runs with the same nominal conditions. Fur-
ther mechanical characterization of the ALD Al2O3 is required to obtain statisti-
cally relevant material properties.

Bulge test of sensor membrane is used to characterize the pressure-deflectionStrain at
CNFETs behaviour of the membranes according to the procedure introduced in section 5.2.1.

Then, FE simulations are employed to find the pressure-strain relationship at the
location of the SWNT. Error calculations proceed according to details given in ap-
pendix A. The result of pressure versus strain at the location of two CNFETs on
the same membrane is shown in figure 5.10. Both pressure-strain relationships
are highly non-linear at small differential pressure values and become almost li-
near for values p > 1.5 · 104 Pa. The CNFET in the center, indicated by a red circle
in figure 5.10(a) obtains larger strain than the CNFET close to the edge (black rec-
tangle). The strain in radial and tangential direction are almost identical at the
CNFET in the center of the membrane. At the edge, the radial strain is larger
compared to the center area but the tangential strain is very small close to the
edge. The large angle β = 44.3◦ weights the tangential and radial strain almost
identically which yields a smaller overall strain. Interestingly, the error for theError

large strain in the center is smaller than the error of the smaller strain at the edge
of the membrane. The overall error of strain at the CNFET locations is almost
entirely made of the error from the uncertainty of the membrane radius, which
translates into an uncertainty of deflection for a given pressure, p. And since the
strain at the membrane edge is much more sensitive to error in the deflection
( dw

dǫ (edge) ≫ dw
dǫ (center)), the overall error at the edge is large compared to the

error in the center.
The difference in strain at the two locations for a maximum differential pres-Difference

sure p = 4.2 · 105 Pa is ∆ǫ = 0.77 · 10−4, which corresponds to 25% of the maxi-
mum strain at the central CNFET. This large relative difference shows the impor-
tance of FE models for strain simulations.

5.4.4 Summary

Analytical and FE models describing the load-deflection properties of a double
layer thin film diaphragm under large deflection are presented. These models
are used to extract membrane in-plane strain in radial and tangential direction.
The assessment of strain at the location of a randomly oriented and located CN-
FET on the membrane is important for the electromechanical characterization of
CNFETs. A model comparison between analytical and FE simulations clearly de-
monstrates that analytical models under- or overestimate strain. FE models are
therefore indispensable to compute strain in a double layer membrane accurately.

Bulge test measurements of a double layer membrane made of SiO2 and ALD
Al2O3 are presented. Results demonstrate the feasibility of such a membrane to
be employed in CNFET based pressure sensors. This is not guaranteed a priori
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Figure 5.10: Strain ǫ versus Pressure p of CNFETs located and oriented at different posi-
tions on the membrane of a pressure sensor. (a) Top view of the sensor membrane with
the CNFET locations indicated in the figure. (b) Results obtained by the combination
of bulge test measurements and FE simulations.

because of strong forces that act at the bounding surface of the two layers. The
initially flat membrane was tested for pressures up to 1.05 bar and a center deflec-
tion of w0 = 2.15 µm results into maximum strain of 1.25 h in the center of the
membrane and 1.5 h at the membrane edge. Load-deflection hysteresis between
pressure ramp up and down are not obtained.

Bulge test measurements of a SWNT based pressure sensor made of a double
layer membrane are presented. The diaphragm of radius r = 45 µm and layer
thicknesses h1 = h2 = 70 nm is initially flat with an effective tensile stress. The
sensor diaphragm shows membrane type behaviour up to a measured differen-
tial pressure p = 0.41 bar, with a corresponding deflection of w0 = 1.2 µm. This
is equal to a strain in the center of 0.3 h.

The bulge test combined with the FE simulations finally yield the strain at the
location and orientation of the randomly distributed CNFETs on the sensor mem-
brane.

5.5 Ultra Small Pressure Sensors

Pressure sensors employed in implantable devices and in portable electronics still
undergo continuous system scaling, which shows that small sensor size is still a
competitive advantage. In this section, the design of a pressure sensor based on
CNFETs as sensing element is investigated by continuous mechanics FE models
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to yield ultra miniature sensors. Based on design results, fabrication and charac-
terization of the world’s smallest pressure sensors employing carbon nanotubes
as the functional material are presented. For the first time, the advantage of the
nanoscaled size of the SWNT is exploited in down scaling piezoresistive pressure
sensors to diameters of 40 µm. These sensors show, in contrast to state-of-the art
pressure sensors, besides the reduced size also very low power consumption and
increased sensitivity.

The working principle is analogous to MEMS pressure sensors. The pressureWorking
Principle sensor membrane is strained due to an applied differential pressure. This strain

in the membrane is transferred to the SWNT embedded in the membrane which
results in a change in the SWNT resistance [63].

5.5.1 Sensor Design

The design of the sensor starts with the analysis and discussion of model in-
put parameters, which are membrane geometry, membrane material properties
and pressure range. In a first step the membrane geometry and pressure range
are discussed in the context of achieving ultra small pressure sensors. In a next
step constraints due to the bulk micromachining fabrication process described in
section 5.3 are considered. For both design considerations the input values for
material properties of the FE simulations are taken from literature.

A schematic of the SWNT based sensor is depicted in figure 5.1. The sensorsSensor
Schematic consist of a double layer membrane made of SiO2 and ALD Al2O3. The SWNT

strain gauges are embedded between the bottom SiO2 and the top Al2O3 layer
and contacted in a field effect transistor configuration. The top and bottom oxide
layers are not only used as sensor membrane but also to encapsulate the SWNTs,
which protects them from the environment. SWNT encapsulation on bulk sub-
strate has been examined in a previous study [123].

We now discuss sensor parameters to achieve ultra small pressure sensor:

h1: The minimal required thickness of the SiO2 layer, h1, is h1 ∼ 10 nm, to
successfully grow SWNTs by CVD from iron catalysts. Diffusion of iron
particles occurs if SiO2 layers with a thickness below 10 nm are used and
SWNTs hardly grow1. Diffusion of oxygen and water vapour occurs up
to a SiO2 thickness of 30-50 nm [176]. Hence, the thickness of SiO2 is
h1 ≥ 30 nm.

h2: The minimum thickness, h2, of the ALD Al2O3 is ∼ 26 nm to be a tight
diffusion barrier against environmental gases. h2 = 26 nm is thick enough
to reduce H2O and O2 diffusion rates below limit of detection of an ultra
sensitive optical measurement method [119].

1 The lower value of h1 can be as low as 6 nm according to L. Durrer. For stable conditions, however,
a minimum thickness of 10 nm is a solid value.
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Ratio h1/h2: The ratio h1/h2 is important for two reasons. First and foremost, the mem-
brane should initially be flat with a small effective initial tensile stress
σeff,0 > 0 Pa. Based on literature values for initial stress of SiO2
(σSiO2 = −340 MPa) and Al2O3 (σAl2O3 = 383 MPa) at room tempera-
ture, a membrane design without effective initial stress, σeff,0 = 0 Pa, is
achieved for a thickness ratio h1/h2 = 1.12). Second, strain of a membrane
under pressure is not constant over the membrane thickness. A positive
pressure p applied on the SiO2 side of the membrane, the membrane un-
dergoes a stretching of the middle plane and a bending moment. Combi-
ning the two strain values leads to a maximum strain on the upper side of
the Al2O3 layer and a minimum strain at the lower side of the SiO2 layer.
CNFETs contacted at the interface of the two layers experience maximum
strain for constant membrane radius R0 and pressure p if the Al2O3 is thin
(h1 ≫ h2). But to obtain an initially flat membrane the ratio h1/h2 has to be
limited to 1.12. Because of the large uncertainty of the initial stress of the
material grown for this project, a safety margin is added and the thickness
ratio 1 is finally chosen to prevent membrane buckling.

Radius R0: The membrane radius is largely dependent on the desired pressure range
of the sensor and material parameters. Very thin or compliant membranes
are required for ultra small membrane radii to provide enough strain at low
pressure. From a fabrication point of view, the minimum radius that can be
reproducibly achieved with the current fabrication process (bulk microma-
chining) is R0 ≥ 10 µm. Major limitations are backside alignment accuracy
and aspect ratio of the DRIE process.

Pressure p: The pressure range of a sensor is given by the application in mind. The
range for medical and implantable sensors to measure e.g. blood pressure
differences in arteries is 0-1 bar [177] (see also section 1). For altimeter rea-
ding devices, absolute pressure sensors are employed with an indicated
pressure range of 300 mbar (corresponding to 9000 m above see level) to
1100 mbar (corresponding to -500 m above see level) are required1. The ul-
tra small pressure sensors are not aimed to fulfill requirements of specific
applications. Our test bench is capable of providing pressure differences of
0-4 bar.

FE simulations of the pressure-deflection characteristics obtained from sensors FE Model of
Ultra Small
Sensors

with h1 = h2 = 30 nm and R0 = 10 µm are depicted in figure 5.11(a) with black
circles. The strain in radial and tangential direction, ǫr and ǫφ, are plotted against
the normalized radius r/R0 with r ∈ [0, 10 µm] in figure 5.11(b). Maximum ove-
rall strain determined in the center of the membrane at a differential pressure

1 http://www.bosch-sensortec.com/content/language1/downloads ...
/BMP085_DataSheet_Rev.1.0_01July2008.pdf
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Figure 5.11: Comparison of the pressure deflection characteristics (a) and pressure ver-
sus ǫr and ǫφ (b) for two membrane geometries. Geometry one is R0 = 10 µ,
h1 = h2 = 30 nm (black circles) and geometry 2 is R0 = 20 µ, h1 = h2 = 70 nm
(red triangles).

p = 105 Pa is ǫr = ǫφ = 6.45 · 10−4. This strain value is similar to strain measu-
rements reported by Stampfer et al. in an earlier study on CNFET based pressure
sensors [6] but almost twofold less than measured in the reference membrane de-
tailed in section 5.4.3. For a first estimation whether this value of strain is large
enough to measure pressure dependent resistance changes in CNFETs, proper-
ties of the CNFET from [6] are used (GF = 210, RCNT = 79.5 kΩ). A change in
resistance of ∆R = 10.8 kΩ is extracted at the maximum strain. Therefore, it is
concluded that an ultra small sensor with R0 = 10 µm is capable of providing
measurable resistance changes.

For the fabrication of ultra small sensors, however, it is decided to add a safetyFinal Design
Specifications margins of 40 nm to h1 and h2, resulting in a thickness of h1 = h2 = 70 nm. This

safety margin is introduced to make the sensor more stable during fabrication
in harsh environments and to have a secure barrier against oxygen and water
vapour. Increasing the sensor thickness has direct impact on the strain in the
center of the membrane, which is almost fourfold reduced to ǫr,φ = 1.76 · 10−4.
To keep the strain comparable to the sensor with h1 = h2 = 30 nm, the membrane
radius has to be increased to R0 = 20 µm. Results of FE simulations of a sensor
with R0 = 20 µm are depicted in figure 5.11 by red triangles. Here, the maximum
strain in the center is ǫr = ǫφ = 5.5 · 10−4 for a differential pressure p = 105 Pa
and a ∆R = 9.1 kΩ is extracted for the SWNT from [6].

5.5.2 Fabrication and Electrical CNFET Characterization

The fabrication process is divided into two main phases. First, the fabrication andFabrication

integration of CNTs into CNFETs which is detailed in section 4.1 and second, the
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Figure 5.12: Processing images of CNT pressure sensors. (a) AFM image of a SWNT and
one Au alignment marker. Black dashed lines indicate the location of the future CN-
FET electrodes and side gate. (b) 9 contacted CNFETs after ALD encapsulation. Each
CNFET is made of source (S), drain (D), and sidegate electrodes. The dashed circle
indicates the location where the membrane is later fabricated. (c) Microscope image
of a final sensor illuminated from the backside through the transparent 140 nm thick
SiO2/Al2O3 membrane. (d) SEM image of one CNFET contacted on the sensor mem-
brane. The edge of the membrane is clearly visible as a colour change from black to
grey.

bulk micromachining of the sensor membrane, detailed in section 5.3. Figure 5.12
depicts images of a sensor during fabrication. Figure 5.12(a) shows an AFM scan
of the sample inner area with one long, straight CNT and parts of a reference
Au marker. Black dashed lines indicate the location of CNFET electrodes, which
are subsequently structured as shown in Figure 5.12(d). In total 9 CNFETs are
contacted in the sample center region, but only 3 out of 9 will finally be located
on the sensor membrane. The location of the sensor membrane is indicated by
a black dashed circle. Figure 5.12(c) shows a backlight illuminated microscope
image through the transparent sensor membrane (R0 = 20 µm) and figure 5.12(d)
is a close up SEM image of the same SWNT as depicted in figure 5.12(a) after
CNFET contacting and membrane fabrication.

Electrical CNFET characterization of the source-drain current Ids by changing CNFET
Measurementsthe nearby sidegate voltage Vg (see the sidegate in figure 5.12(d) and in the inset

of figure 5.13) is used to determine the type of the SWNT. The CNFET is made
of a SWNT with a diameter d = 2.1 nm and a source-drain distance L = 1.5 µm.
The gate-to-channel distance is ∼ 300 nm. Figure 5.13 shows the gate characte-
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Figure 5.13: Small-bandgap gate
characteristics of a CNFET
on the membrane from fi-
gure 5.12(b). Due to a band-
gap of only a few meV, ther-
mally activated transport is
apparent in the off-state of
the transistor at Vg = 2.9 V.
The inset shows a typi-
cal CNFET with source-drain
and side gate (scale bar
1 µm).
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ristic of the CNFET in the center of the sensor membrane (See figure 5.12(c), red
circle). The measured gate characteristic is typical for a small-bandgap SWNT.
Here the bandgap is in the order of a few meV [35]. From figure 5.13 it is obser-
ved that the coupling of the electric field from the sidegate to the CNFET channel
is strong enough to modulate the current by a factor ∼ 1.7 but not strong en-
ough to operate the CNT transistor in the on-state region at large negative gate
voltages. The minimum resistance at Vg= -10 V is ∼ 240 kΩ. It is believed that
barriers at the Cr/Au-nanotube contacts and defects in the SWNT account for
this. Due to different injection barriers for hole and electrons, the gate charac-
teristic shows asymmetric behaviour [103]. On-state resistance as low as 30 kΩ

have been obtained in similar devices on SGS-SWNTs contacted by Cr/Au metal
with channel length L = 1.2 µm and top gate electrodes (see section 4.5). A direct
comparison between coupling strength of side- and top gate has been investiga-
ted in a recent work. Results demonstrate that the on-state current of a CNFET
operated with top-gate can be a factor of two higher compared to the maximum,
non-saturated Ids from side gate operation [178]. Using results from correspon-
ding work, a range for the contact resistance of this CNFET can conservatively
be indicated by 23.5 kΩ ≤ Rc ≤ 120 kΩ.

5.5.3 Electromechanical Sensor Characterization

For the electromechanical characterization, a bulge test setup is used to auto-
matically apply differential pressure to the sensor membrane while Ids and the
applied differential pressure p is measured (see section 5.2.1). Measurements on
the pressure sensor include i) CNFET source-drain current Ids(t) at fixed side
gate voltage Vg = 4 V with varying pressure p(t) [Ids(t, Vg = 4 V, p(t))], and ii)
measurements of the CNFET gate characteristics Ids(p, Vg) at different pressure
levels.
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pendent pressure sen-
sor measurements
RCNT(t, Vg = 4 V, p(t)). The
upper black curve shows
the measured pressure, p,
applied to the membrane
and the lower (blue) curve
shows the measured RCNT at
Vds = 200 mV.

Quasi-Static Time Dependent Measurements: Ids(p, t, Vg = const.)

Figure 5.14 shows pressure dependent measurements for a number of triangular RCNT

pressure ramps p(t) which is shown in the upper (black) curve, and the acquired
CNFET resistance RCNT biased at Vds = 200 mV and Vg= 4 V is shown in the
lower (blue) curve. While the pressure is linearly increased from p0 to pmax, the
membrane is deflected and strained. This strain leads to an observed monotonic
increase of RCNT. Upon releasing the pressure back to p0, the membrane returns
to its initially flat position and RCNT also changes reversibly and monotonically
to its initial value.

The sensitivity of the sensor for fixed electrical CNFET bias values is defined p vs RCNT

as

So =

R(p2)−R(p1)
R(p1)

p2 − p1
. (5.13)

It is acquired by applying a linear pressure ramp from pmin = 0 Pa to
pmax = 1.8 · 104 Pa and back to pmin to the backside of the sensor membrane
and measuring Ids(p) from which R(p) is calculated. In figure 5.15(a) p is plotted
against R(p) (Vds = 200 mV, Vg = 4 V). Results of the upwards pressure ramp
are indicated by black triangles and for the downward ramp by red circles. Two
linear regions are observed from the obtained sensor input-to-output characte-
ristic, as indicated in figure 5.15(a). The first region (Region I) ranges from 0 Pa
to 6 · 103 Pa. The second region is made of two regions indicated in the figure
by Reg. II and III. The reason for this separation is explained later. The second
region ranges from 6 · 103 Pa to pmax (Reg. II and III). In region I R(p) changes
linearly from R(p = 0 Pa) = 385 ± 0.5 kΩ to R(p = 3 · 103 Pa) = 386.5± 0.5 kΩ

then the characteristic remains linear but the slope experiences a kink and is re-
duced. Errors of the resistance are found through Gaussian error propagation
as detailed in the appendix A by taking instrumental errors (Keithley 2000) and
the standard deviation of measured Ids over a period of 2 min (random measure-
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Figure 5.15: Sensitivity of the CNFET pressure sensor at Vg= 4 V for a linear pressure
ramp up (triangles) and down (squares). (a) The output sensitivity of the ultra small
pressure sensor measured at Vg = 4 V is So = 0.135 ± 0.016 ∆R/R/bar. (b) The piezo-
resistive GF corresponds to the linear fit in region III and is GF = 410 ± 56. Hysteresis
is not visible for the speed at which the pressure ramp was applied ( 25 s up/down).

ment error). The error estimates of resistance are σR = 500 Ω and the errors of the
pressure σp = 340 Pa. The large random measurement errors of Ids are almost
uniquely responsible for σR, which is most probably due to current fluctuations
from noise sources in the CNFET.

The output sensitivity of the sensor is So = 0.135 ± 0.016 ∆R/R/bar. So is ex-Sensitivity So

tracted from figure 5.15(a) by a linear fit of data points in the linear sensor region
(region II and III). Hysteresis is not visible for the speed at which the pressureHysteresis

ramp was applied ( 25 s up/down). The resolution of the sensor is 15 mbar whichResolution
is calculated by taking twice the standard deviation from the transfer function of
the sensor.

The piezoresistive gauge factor of the CNFET, GF = ∆R/Rǫ−1
CNT, is derivedGF

from ǫCNT(RCNT), which is shown in figure 5.15(b) for the same measurement
points as in figure 5.15(a). The definition of the gauge factor constricts its validity
to a linear resistance versus strain region. This condition is met in region III of
figure 5.15(b), where GF = 410 ± 56 is extracted.

The analysis of the non-linearity in figure 5.15(b) starts with the relationship
between applied pressure and the resulting strain. The strain at the location
of the CNFET, ǫCNT, is extracted from FE simulations at a radial distance of
rCNT = 6 µm from the center and an orientation of β = 19◦ to the radial mem-
brane direction. Figure 5.16 depicts ǫCNT against p1. Region I to III correspond to

1 The following material input values for FE simulations are assumed: ESiO2 = 70 GPa,
EAl2O3 = 232 GPa, σSiO2 = −340 MPa and σAl2O3 = 439 MPa. The values used for Al2O3 are
the extracted parameters from the bulge test measurements of the pressure sensor membrane in-
troduced in section 5.4.3. This is a valid assumption because the two sensors were processed in
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Figure 5.16: FE simulations of ǫCNT
against p at the CNFET location
(inset). Regions I to II correspond
to different pressure-strain beha-
viours. In region I ǫCNT starts from
0 and is reduced to −2 · 10−6 for
0 < p < 3 · 103 Pa, indicating
compressive strain in the mem-
brane. Then, for the pressure range
3 · 103 < p < 6 · 103 Pa, ǫCNT is still
negative but increases to 0. Region
II starts at p ∼ 6 · 103 Pa, where the
strain at the CNFET is again 0. From
this point, ǫCNT increases non-linearly
entering a region of almost linear
increase (Region III).

those indicated in figure 5.15. Interestingly, in region I ǫCNT starts from 0 and is
reduced to −2 · 10−6 for 0 < p < 3 · 103 Pa. For a small, non-zero pressure applied
across the diaphragm, the membrane is bulged which leads to bending and stret-
ching of the material. For small deflections the bending term is larger than the
stretching term which leads to overall compressive strain at the CNFET location.
Then, for the pressure range 3 · 103 < p < 6 · 103 Pa, the membrane is further
bulged and the strain term becomes dominant over the bending term. ǫCNT is
still negative but increases to 0. Region II starts at p ∼ 6 · 103 Pa, where the strain
at the CNFET is again 0. From this point, ǫCNT increases non-linearly entering
a region of almost linear increase (Region III). This non-monotonic strain versus
pressure behaviour is reflected in the sensor measurements of figure 5.15(b). In ǫCNT vs RCNT

region I, ǫCNT is tiny but negative, however a change in resistance of ∆R = 1.5 kΩ

can be measured. The observed change in resistance is positive and larger than
σR for a small compressive strain. In region II, RCNT increases monotonically as a
function of strain. Finally, in region III RCNT increases almost linearly with ǫCNT.
Therefore, the linear region of the sensor is limited to p ≥ 9 · 103 Pa. The upper
limit of the linear region is not measured.

Measurements of Gate Characteristics: Ids(p = const., Vg)

In order to obtain more in depth information on the piezoresistive behaviour
of CNFETs, a series of gate characteristics are measured at increasing pressure,
p ∈ [8, 18] · 103 Pa, with a step size of ∼ 103 Pa. The pressure range is chosen
to operate the sensor in the linear region. All measurements are obtained by the
pulsed measurement setup, pIdVg , with tl = 3 ms, th = 5 ms, tacq = 4 ms as

parallel and in the same ALD Al2O3 deposition run.
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Figure 5.17: CNFET gate cha-
racteristics versus pressure
Ids(p, Vg). (a) CNFET
gate characteristic Ids(Vg)
for p = 34 mbar (I) and
p = 170 mbar (II). (b)
Contour plot of Ids(p,Vg)
with 15 pressure values to
highlight the monotonicity
of the sensor response for
all values of Vg. The blue
dashed lines (I, II) in (b)
correspond to Ids(p, Vg) of
the two curves shown in (a).
The highest sensitivity is at
Vg= 3 V.
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described in section 4.2. In figure 5.17(a) the backward sweep (Vgmax to Vgmin) of
the gate characteristics Ids(p, Vg) are depicted, measured at p = 8 · 103 Pa (red da-
shed curve) and at p = 18 · 103 Pa (black solid curve), corresponding to the lower
boundary of the linear region and the maximum applied pressure, respectively.
Figure 5.17(a) demonstrates that the magnitude of Ids is reduced throughout the
gate characteristics when the sensor is exposed to an increased differential pres-
sure. The Ids decrease of the gate characteristic for all measured pressure levels
is visualized by a contour plot of Ids versus p and Vg in figure 5.17(b). The infor-
mation in the contour plot is read in the following way. The minimum current
Ids = 1.52 · 10−7 A of the CNFET at the lowest pressure p = 8 · 103 Pa is reached
at a gate bias Vg∼ 3 V. Increasing the pressure toward p = 18 · 103 Pa, shifts the
location of Ids = 1.52 · 10−7 A almost monotonically with pressure along the iso-
lines in two directions. The first movement is into negative Vg direction reaching
(Vg = 1.5 V) at p = 18 · 103 Pa. The second movement is into positive Vg direc-
tion reaching (Vg = 4.5 V) for the same maximal pressure. The magnitude for all
Ids(Vg∈ [1.5, 4.5], p = 18 · 103 Pa) values are smaller than 1.52 · 10−7 A.

Data from the contour plot is also consulted to find the gate voltage dependentGauge Factor

piezoresistive gauge factor of the CNFET, GF(Vg) and the output sensitivity of
the sensor, So(Vg), which are depicted in figure 5.18. The values of the red solid
lines in figure 5.18(a) and (b) are found by a linear fit to RCNT(p) and RCNT(ǫCNT)
for each Vg ∈ [−10, 10] V with a step size of ∆Vg = 0.1 V. The key observation
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Figure 5.18: GF (a) and output sensitivity, So (b) are plotted against Vg. Both values, So
and GF, are similarly dependent on the gate voltage bias. The largest GF = 450 ± 54
and So = 0.15 ± 0.015∆R/R/bar are calculated at Vg ∼ 2 V, which is close to the gate
voltage bias Vg = 2.9 V at which the transistor is in the off-state.

from this measurement is, that both values, So and GF, are dependent on the gate
voltage bias. Moreover, both values are similarly dependent on Vg, because the
sensor is operated in a region, where ǫCNT ∝ p. The largest GF = 450 ± 54 is
found at Vg ∼ 2 V, which is close to the gate voltage bias Vg = 2.9 V at which
the transistor is in the off-state. Towards more positive gate voltage, GF is de-
creasing to a value around GF ∼ 200 ± 56, while for more negative Vg the va-
lue reaches GF ∼ 100 ± 56. The maximum output sensitivity So = 0.15 ± 0.015 Output

Sensitivity∆R/R/bar is also extracted at Vg ∼ 2 V and decreases toward more positive Vg to
So = 0.066± 0.018 ∆R/R/bar and for negative Vg to So = 0.04± 0.02 ∆R/R/bar.

After introducing quasi-static time dependent and gate characteristics measu-
rements, it is time to bridge the gap between the two operation modes by com-
paring the extracted GF and So. In figure 5.18(a) and (b) the two data-points
obtained from the quasi-static measurements are indicated by black dots at Vg=
4 V. Both, So and GF of the two independent measurement modes agree very
well in magnitude. The striking agreement demonstrates that Vg bias applied at
the side-gate electrode is a method to tune or adjust the sensor sensitivity1.

5.5.4 Discussion

The discussion starts with a short summary on state-of-the-art data on piezoresis-
tivity in micro- and nanoscaled material and a comparison to the current work. In Bulk Semicon-

ductorbulk semiconductors the piezoresistive effect occurs due to a change in mobility
and effective mass of the carriers due to applied strain [179, 180]. The magnitude

1 Due to a limited lifetime of the sensor membrane - destroyed during sensor handling - it is not pos-
sible to demonstrate this agreement between quasi-static time dependent and gate characteristics
measurement at different working points.
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of the piezoresistance depends mainly on the material, strain direction and do-
ping concentration. The GF can directly be extracted from the piezoresistive coef-
ficients of single crystalline semiconductors and is in the range of 80 − 200 [181].
GF of doped poly-crystalline Si is almost one order of magnitude lower than inPoly-Si

crystalline material GF = 15 − 27 [182]. Recently, piezoresistive coefficients inSi Nanowires
Si nanowires of almost two orders of magnitude larger than in bulk Si have been
reported [183]. In the study it is shown that the longitudinal piezoresistance coef-
ficient along the [1 1 1] direction increases with decreasing diameter for p-type Si
nanowires, reaching a value as high as −3, 550 · 10−11 Pa−1, in comparison with a
bulk value of −94 · 10−11 Pa−1. Such large piezoresistive effects are attributed to
a stress-induced modulation of the surface depletion region width, which is only
possible in very narrow wires contacted in a suspended configuration [184]. AlsoZnO

Nanowires very large piezoresistive effects with GF ranging from 300 to 1250 for ǫ = 0.2 % to
1 % were reported in ZnO nanowires [185]. The strain sensitivity of the non-linear
Ids-Vds characteristic is attributed to a change in Schottky barrier height, which is
caused by strain induced band structure change and piezoelectric effects. GF on
ZnO nanowires are not reported for the small strain regime.

Results of the ultra small pressure sensors with gate voltage dependent gaugeGFs of SWNTs

factors GF = 100 − 450 measured in the small strain regime clearly reach or ex-
ceed piezoresistive gauge factors of state-of-the-art bulk semiconductor and poly
silicon. Gauge factors of CNFETs reported in two previous publications, extrac-
ted at Rmax of the gate characteristics are -376 and -317 in s-SWNTs, between -300
and 856 for SGS-SWNTs and GF = 208 for one metallic SWNT [6, 7]. The GF of
the SGS-SWNT at Rmax presented in this work is GF = 450 ± 54.

Results of the gate dependent sensor sensitivity may be understood by thedEg
dǫ s-SWNT

theoretical prediction on the piezoresistance of CNTs due to a strain dependent
change in the band gap. The strain dependent band gap change of s-SWNTs is
predicted by equation (3.9) [7, 58, 64, 84]

∆Eg(ǫ, γ) = sgn(2p + 1) · 3γ0 [(1 + ν)ǫ · cos 3θ + γ · sin 3θ] , (5.14)

where γ0 is the tight-binding hopping integral (∼ 2.7 eV), p is defined by the
chiral indices (n−m) = 3q+ p, where q is an integer and p = {0, 1,−1}. ν ∼ 0.20
is the nanotube Poisson’s ratio, θ is the chiral angle and γ is the torsion of the
SWNT.

The change in the band gap under strain of SGS-SWNTs is predicted by [19]dEg
dǫ

SGS-SWNT

Eg =

∣

∣

∣

∣

∣

(

γ0a2

4d2 − ab
√

3
2

ǫ

)

sin 3θ − ab
√

3
2

γ cos 3θ

∣

∣

∣

∣

∣

, (5.15)

where b is the linear change in the transfer integral with a change in the bond
length ( ∼ 3.5 eV/Å). For this theory to be valid, it is assumed that the model of
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bandgap change due to strain is also valid for ultra small strains
(5 · 10−6 ≤ ǫ ≤ 4 · 10−5). Moreover, in the off-state of the device (at Imin) it Thermal

Transportis assumed that current through the CNFET is described by thermally activated
transport over the bandgap of the SWNT. The strain dependent CNFET resis-
tance, R(ǫ) is [58, 63, 64, 84]

R(ǫ) = Rc +
1
|T |

h

8e2

[

1 + exp
(

Eg + ∆Eg(ǫ)

kBT

)]

≈
{

Rc +
1
|T |

h

8e2

[

1 + exp
(

Eg

kBT

)]}

+

{

1
|T |

h

8e2
1

kBT
exp

(

Eg

kBT

)

dEg

dǫ

}

ǫ

(5.16)

≈ R0 + R1ǫ,

where Rc is the contact resistance of the device due to imperfect contacts at the
metal-SWNT interface, |T | is the average transmission through the nanotube and
∆Eg =

dEg
dǫ ǫ is the strain dependent change in the bandgap given by equation

(5.14) for s-SWNTs and equation (5.15) for SGS-SWNTs. The linear approxima-
tion of equation (5.16) of the model for thermally activated transport is valid at
very low strain. The initial bandgap, Eg, of a SWNT without strain is approxi-
mated for s-SWNTs by equation (2.9) and for SGS-SWNT by equation (2.11). R0
and R1 in the linear region of the pressure sensor (see figure 5.15(b)) are found
by a linear fit of R(ǫ, Vg = 2.9 V) versus ǫ. The obtained zero strain resis-
tance is R0 = 393 ± 0.5 kΩ and the change in resistance per percentage strain
is R1 = 1.76 MΩ/%, a value that is comparable to results obtained from freestan-
ding SWNTs in the large strain regime [65]. The zero strain bandgap of the SGS-
SWNT with a measured diameter d = 2.5 ± 0.2 nm is Eg = 6.5 + 1.2/ − 0.9 meV.
The contact resistance cannot directly be measured, therefore a lower boundary
of Rc = 23.5 kΩ and an upper boundary of Rc = 120 kΩ is extracted. This
gives for the transmission a range of |T | ∈ [0.02, 0.028]. Finally, the change of the
bandgap is dEg

dǫ ∈ [212, 299] meV/%. First of all, it is observed, that the band gap
change due to strain is positive. Kleiner et al. predict however, that SGS-SWNTs
always exhibit a negative band gap change for pure axial strain. The maximum
band gap change according to equation (5.15) is −75 meV/%. The absolute value
is a factor of 2.8 to 4.0 larger than the maximum band gap change of ±95 meV/%
predicted by Kleiner et al. for pure axial strain. In any case, the obtained value
of dEg

dǫ ∈ [212, 299] meV/% compares very well with results obtained in frees-
tanding SWNTs and on SWNTs adhering to a substrate [6, 7, 65, 84, 101]. In
SGS-SWNTs on a substrate negative and positive band gap changes are regularly
obtained. It is suggested that other electromechanical effects than pure uniaxial
strain ǫ and other mechanisms operate in the CNFET pressure sensors. Initial tor-
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sion, γ, apparent in SGS-SWNTs, for example, can lead to a change in the sign of
the GF from negative to positive. This may be one explanation for GF of different
signs readily obtained from SGS-SWNTs. Measured dEg

dǫ values in SGS-SWNTs
adhering to a substrate often exceed the predicted maxima, which cannot be due
to the uncertainty in axial strain at the location of the CNFET. Other effects such
as SWNT-surface interactions may translate the strain in the membrane to a com-
bination of axial and torsional strain or SWNT collapsing. Localized defects in
the SWNT could also lead to strain dependent, augmented scattering of electrons
increasing the SWNT resistance with strain. Currently, the exact atomic mecha-
nism apparent in SWNTs under strain is still unknown. Further investigations
into the piezoresistance of CNFETs are still required.

5.5.5 Conclusions

In conclusion, the feasibility of miniaturizing piezoresistive pressure sensors by
using carbon nanotube strain gauges is demonstrated. CNT based pressure sen-
sors with membrane diameters as small as 40 µm have been fabricated and cha-
racterized. The sensors have linear transfer characteristics, and the presented
performance of the small pressure sensor with a resolution of 15 mbar is achie-
ved by the high piezoresistance of the SWNT strain gauge. It is shown that the
output sensitivity, So and GF are similarly dependent on the gate voltage bias.
The largest GF = 450 ± 54 and So = 0.15 ± 0.015 ∆R/R/bar are calculated at
Vg ∼ 2 V, which is close to the gate voltage bias Vg = 2.9 V at which the transis-
tor is in the off-state. The extracted range of the output sensitivity and GF are
So = 0.04 ± 0.02 − 0.15 ± 0.015 ∆R/R/bar and GF = 100 ± 56 − 450 ± 54. The
dependency of the sensitivity on the gate voltage bias can be used to adjust the
sensitivity. In principle, this allows to easily calibrate SWNT pressure sensors for
future applications. Furthermore, the power consumption of ∼100 nW is excep-
tionally low for piezoresistive sensors.

5.6 Piezoresistive Properties of SWNT Transistors

CNFET strain gauges presented in the last section enable ultra small pressure
sensors. These tiny, low power and highly sensitive devices may attract great
interest from a broad field of pressure sensing applications. However, to suc-
cessfully bridge the gap between demonstrator and application, a multitude of
investigations and research on the novel sensing material is required. So far, the
theoretical prediction of a band gap change of SWNTs under small strain has not
conclusively been verified by experiments. Grow et al. extract band gap openings
under strain of up to 180 meV/%, which exceeds the maximum theoretically pre-
dicted value of 115 meV/% (see section 3.4). It is suggested that other effects
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may be the reason for this large values such as transverse collapsing of SWNTs,
surface roughness of the SiO2 substrate that may induce local collapsing, strain
or torsion. The exact atomic configurational changes in SWNTs under strain is
unknown and very difficult to assess. Nevertheless, these open questions related
to atomic processes in CNFETs are irrelevant for the use of CNFETs in sensors. A
more practically oriented approach is subjecting piezoresistive properties of CN-
FETs to a number of reliability tests prior to deploy CNFETs in sensor products.
Therefore, a number of empirical questions arise. How do CNFETs behave over
time? Do they change their sensitivity? What is the favoured SWNT type? How
big is the signal-to-noise ratio in CNFET sensors? And above all, is the response
of a CNFET an intrinsic property of a SWNT or is it a contact effect or an effect
caused by local defects?

Here, these questions are systematically addressed by investigating a small
number of CNFETs under strain. For this purpose, pressure sensors made of
large circular membranes (radius between 40-350 µm) are fabricated.

The section starts with results from Ids(t, p) measurements obtained from 24
CNFETs measured on 5 different membranes. An overview of piezoresistive res-
ponses of SGS- and s-CNFETs is given in section 5.6.1. The results of those 24
CNFETs measured lead to an early conclusions that piezoresistive characteristics
of SGS-CNFETs are superior over s-SWNTs, which is the reason that subsequent
detailed investigations are only carried out on SGS-CNFETs. The dependency of
the piezoresistive sensitivity (gauge factor) of SGS-CNFETs on the gate potential
is investigated in section 5.6.2. Long term measurements of GFs on SGS-CNFET
strain gauges over a period of 250 days are presented in section 5.6.3. GF measu-
red on one SGS-SWNT contacted at different locations are detailed and compared
in section 5.6.4. Finally, the signal-to-noise ratio of SGS-CNFETs is defined and
measurements are presented.

5.6.1 Piezoresistance of CNFETs Made from SGS- and s-SWNTs

The theory of piezoresistance in SWNTs, introduced in section 3.2, predicts that s-
SWNTs under uniaxial strain exhibit both, positive and negative GFs, depending
on their structural properties, more precisely on their chiral vector. SGS-SWNTs
are predicted to have only negative GFs. In this section, a summary of all piezo-
resistive measurements on both, SGS- and s-SWNTs carried out within this thesis
is presented.

Quasi-static time dependent Ids(t, p) measurements are carried out on all suc-
cessfully fabricated pressure sensors. In total of 24 CNFETs are electromechani- 24 CNFETs

cally tested on five membranes. 13 CNFET characteristics show semiconducting
behaviour and 11 are SGS-SWNT-like. None of the measured CNFETs are truly
metallic. From the electromechanical point of view 5 out of the 11 SGS-CNFETs
have negative GFs and 6 have a positive GF. 2 CNFETs out of the 13 measured
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Figure 5.19: Typical Ids(t, p) measurements for SGS- and s-CNFET strain gauges measu-
red on the sensor shown in figure 5.9(a). The top blue curves depict the Ids through the
CNFETs versus time. The bottom black curves show the differential pressure across the
membrane versus time. (a) Ids change of SGS-CNFET with GF < 0. (b) SGS-CNFET
with GF > 0. (c) s-CNFET with GF < 0 and (d) s-CNFET with GF > 0.

CNFETs made of semiconducting SWNTs have positive GFs and 4 negative GFs.
No Ids change upon strain is observed for the remaining 7 s-CNFETs. The GF
values of CNFET are not extracted for the majority of devices measured. The
reason for not calculating individual GFs will be detailed in the discussion in
section 5.6.6. In brief, the GF does not only depend on the SWNT chirality but
also on the location of EF with respect to the band edges of the SWNT achieved
by Vg changes, as shown in section 5.5 in figure 5.18. Historically, this depen-
dency was not known to us and has only been discovered in the course of this
work. Consequently, early GF measurements are carried out having the Fermi
level at arbitrary position with respect to the SWNT bands.

Typical Ids(t, p) measurements for all four classes of CNFET strain gauges are
shown in figure 5.19. The top blue curves depict the source-drain current through
the CNFETs versus time and the bottom black curves the applied differential
pressure across the membrane versus time as measured by a reference sensor.
All four measurements are from CNFETs of the sensor shown in figure 5.2(e).
Figure 5.19(a) shows the change in current for a SGS-CNFET with GF < 0.SGS, GF < 0

Here, the current increases for positive strain. The base current at p = 0 Pa
is Ids ∼ 1.2 µA for a bias Vds = 60 mV and Vg = 0 V which is equivalent to a
resistance R = 50 kΩ. Decrease of Ids(t, p) of a SGS-CNFET for p > 0 Pa is illus-SGS, GF > 0

trated in figure 5.19(b). This CNFET is operated under the same bias conditions
(Vds = 60 mV, Vg = 0 V) as the previous one. The resistance for zero differential
pressure is R(p = 0 Pa) = 131 kΩ. A semiconducting CNFET operated in thes-CNFET,

GF < 0
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subthreshold region at Vds = 60 mV and Vg = 1 V is shown in figure 5.19(c). The
s-SWNT shows a change in Ids that corresponds to a negative GF. It can be ob-
served that the absolute change of Ids for the same p is small compared with the
two SGS-CNFETs. A positive GF of a s-CNFET is demonstrated in figure 5.19(d). s-CNFET,

GF > 0This time the CNFET is operated close to the off-state of the transistor and the
absolute change of Ids is of the same order of magnitude as the Ids 1/ f noise
amplitude.

A simple visual comparison of the four measurements clearly yields the conclu- Comparison

sion, that both SGS-SWNTs are superior to s-SWNTs with respect to absolute
Ids change and the amplitude of low frequency noise corrupting the signal. GF
simulation results of s-SWNTs and SGS-SWNTs presented in section 3.3 based on
the model of thermally activated transport have shown, that realistic Ids currents
in s-SWNTs of diameters d < 3.8 nm fall below 1 nA, which is hard to detect,
whereas in SGS-CNFETs the off-current remains large due to the small band-
gap Eg. This is why it was decided to focus measurements on SGS-CNFETs for
detailed investigations of the piezoresistive properties of SWNTs. This decision
is further supported by the low frequency noise measurement results observed
from s-SWNTs and SGS-SWNTs presented in section 4.6.6. Low frequency noise
of SGS-SWNTs is generally smaller compared to noise in s-SWNTs.

A quantitative comparison of GFs between measurements presented in figure 5.19
is not made because of the following reasons. In section 5.6.2 it will be pointed
out that the GF of a SGS-SWNT can be tuned by the nearby gate voltage between
100 in the subthreshold region of a SGS-CNFET and 450 at Imin. In previous
sections, 2.2 and 4.3, it was pointed out that the gate threshold voltage of a CN-
FET depends on a multitude of parameters such as contact metal, CNT diameter,
environmental composition, gate oxide and more. For CNFETs fabricated and
operated under similar conditions these complex dependencies can be reduced,
but different SGS- and s-SWNT transistors still have different threshold voltages,
on/off ratios and on-state currents. It is then highly probable that the four quasi-
static sensor responses are measured at different positions on the gate characte-
ristics. Since GFs depend on those positions, it is impossible to draw conclusions
with respect to maximum GF and output sensitivity based on quasi-static time
dependent characteristics at one single Vg value.

A more detailed analysis on the Vg dependency of GFs from CNFET piezo-
resistors is carried out on a SGS-CNFET in the next section to emphasize the
importance of the operation bias and to confirm the findings of section 5.5.3.

5.6.2 Gauge Factor Tuning of SGS-CNFETs

In this section the dependency of the GF on the Ids-Vg characteristic of a SGS-
CNFET with a negative GF is shown by two different measurement approaches.
The first approach is measuring Ids(Vg, p) by sweeping Vg for a set of p as already
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Figure 5.20: Measurements to obtain the GF dependency on Vg. (a) Two gate trace mea-
surements recorded by pIdVg measurement method at p = 0 Pa (red dashed) and at
p = 32 kPa (black solid). (b) Contour plot of 17 gate characteristics at 17 increasing
pressure levels. (c) Calculation of GF(Vg) (black solid line). The maximum GF is at the
maximum n-type transconductance. This result is obtained because Imin is increased
and shifted towards negative Vg during the measurement run. (d) Two Ids-Vg measu-
rements at p = 0 Pa at different t. The curve measured at a later time is shifted by the
same amount as the curve measured at p = 32 kPa. The shift of Imin may due to a
pressure independent drift Ids-Vg.

introduced in section 5.5.3. The second method is based on measuring Ids(Vg, p)
by sweeping p by means of quasi-static time dependent measurements for a set of
Vg. In principle both methods should yield the same GF dependency on Vg. Ho-
wever, care has to be taken during data analysis due to low frequency noise and
current drifts caused by trapping and de-trapping of carriers in the gate oxide.

The results of pressure dependent measurements of the gate characteristicsPulsed
Ids-Vg vs p by the first method are shown in figure 5.20. A number of gate characteristics,

Ids(Vg) are measured at increasing pressure, p ∈ [0, 32] · 103 Pa, with a step size
∆p ∼ 2 · 103 Pa. At each pressure level gate characteristics are measured using the
pIdVg setup with parameters tl = 2 ms, th = 0.5 ms, tacq = 0.45 ms, Vgmax = 3 V
and 500 pulse levels. Measurements of backward sweeps of the gate characte-
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5.6 Piezoresistive Properties of SWNT Transistors

ristics at two different p are depicted in figure 5.20(a). The dashed red curve is
measured at p = 0 Pa and the black solid curve at p = 32 kPa. The ambipolar
gate characteristics of the SGS-SWNT shows an n-type conduction that is larger
than the p-type conduction and an on/off-ratio of approximately 4. Figure 5.20(a)
demonstrates that the magnitude of Ids is increased throughout the gate charac-
teristics when the sensor is subjected to an increased differential pressure. In
addition to that current increase, the location of the off-current of the two curves
(dashed and solid) is changing. The off-state current measured at p = 0 Pa is
Imin = 9.03 · 10−7 A, which is reached at Vg= -1.57 V. At a differential pressure of
p = 32 kPa, Imin = 9.83 · 10−7 A is reached at Vg =-1.70 V. This shift of Imin loca-
tion will be analyzed in detail after introducing the contour plot in figure 5.20(b),
which shows the change of Ids centered around Imin for all 17 measured pressure
levels.

The isolines of the contour plot confirm the finding from section 5.5 that Ids in- Contour Plot

creases monotonically with p. At the same time Imin, indicated by a red solid line
in the contour plot, shifts monotonically towards more negative Vg. The dashed
red line indicates a constant Vg= -1.57 V, which serves as a guide for the eyes to
better visualize the shift. The gate voltage dependent piezoresistive GF of the GF(Vg)

SGS-CNFET, GF(Vg) is shown in figure 5.20(c). The values of the black solid line
are found by a linear fit of R(ǫ) versus ǫ at each Vg ∈ [−3, 3] V with a step size of
∆Vg = 0.1 V. The minimum GF = −642 ± 132 is obtained at Vg = -0.8V, which is
in the n-subthreshold region of the SGS-CNFET gate characteristics.

We now compare the GF dependency of the SGS-CNFET in the ultra small Comparison

pressure sensor with the results presented here. Ids of the SGS-CNFET of the
ultra small pressure sensor decreases monotonically for all Vg which indicates a
positive GF. The position of Imin is at a constant Vg during the whole measure-
ment cycle and the maximum GF at the location of Imin. This comparison raises
the question, whether the Vg dependency of the GF is different from device to
device. The answer to this question is found by carefully looking at Imin. If the
monotonic shift of Imin is only dependent on p and not t, then this shift is cau-
sed by the strain in the CNFET leading to asymmetric band gap opening around
EF. If it is only dependent on t but not p the shift of Imin may be caused by a
monotonically slowly changing surface potential of the SWNT channel. To ad-
dress this question, two Ids-Vg characteristics measured at p = 0 Pa at different
t are depicted in figure 5.20(d). The red dashed curve is the same measurement
as depicted in figure 5.20(a) and the black solid measurement is measured after
ramping down the pressure from p = 32 kPa to 0 kPa. A ∆t = 120 min has elap-
sed between the two measurements. It is observed that the second measurement
at p = 0 Pa and t = 120 min is still shifted by ∆V = −0.13 V. This yields a first in-
dication that the shift of the gate characteristic is indeed independent from strain
and only caused by potential variations at the CNFET. To confirm this prelimi-
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Figure 5.21: Gate voltage dependent GFs extracted from quasi-static time dependent sen-
sor measurements. (a) Normalized resistance, R(ǫ)/R0 versus t of two quasi-static
measurement series at Vg = -2 V (left) and at Vg = 0 V under an applied pressure shown
in the inset. (b) Relative change in resistance ∆R/R0 versus ǫ of three measurements.
(c) Ids-Vg gate characteristics of the measurement at p = 0 Pa. (d) GF calculated from
fits in (c) versus Vg.

nary finding, the GF dependency on Vg is measured by a second approach.

The idea of this measurement approach is adapted from 1/ f noise measure-GF(Vg):
Second

Approach
ments in CNFETs, where the noise amplitude A is measured at constant Vg. Du-
ring noise measurements it is important that the gate characteristics does not shift
due to the applied Vg. The CNFET gate characteristics are highly sensitive to the
charge state of the surrounding traps in the gate oxide. These traps are activa-
ted at a certain energy and fluctuate with a characteristic time constant. Holes
are trapped by applying a negative Vg at the gate electrode reducing the actual
SWNT surface potential over time. This reduction leads to a transient shift of the
whole gate characteristics towards more negative Vg. Shifts can be suppressed if
Vg is changed in small steps and by waiting long enough after each change of Vg.
In order to make sure that transient effects of Ids caused by oxide charge traps
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do not overlap the pressure dependent measurements, a strict protocol has to be
followed for the measurements.

The measurement starts by sweeping Vg from 0 V to -4 V. Then Ids is recorded Procedure

for minimum 30 min until a stable current is reached. The actual electromecha-
nical measurement can now take place. For that a pressure sweep similar to that
shown in the inset of figure 5.21(a) is applied to the sensor and Ids is recorded.
After each quasi-static measurement run, Vg is updated by a small ∆Vg, which is
typically around ∆Vg = +0.5 V. At the new Vg bias point, Ids is recorded again
for at least 30 min until a stable current is obtained before the next quasi-static
measurement run is carried out. This procedure is repeated until Vgmax is rea-
ched. During the whole procedure Vds = 60 mV is kept constant and applied to
the CNFET.

Results from quasi-static time dependent measurements [Ids(Vg, p)] are shown Measurements

in figure 5.21(a), where R(p)/R0 is plotted against t for Vg = -2 V and Vg = 0 V.
The applied p(t) is the same for all measurements as shown in the inset of fi-
gure 5.21(a). The two measurements clearly demonstrate that the relative change
of the resistance depends on Vg.

Results from FE simulations are used to calculate ǫ for each p applied to the FEM: p to ǫ

membrane. The relative change in resistance, (R(ǫ)− R0)/R0 = ∆R/R0 is plot-
ted against strain as shown in figure 5.21(b) to extract the GFs. The solid red lines
in figure 5.21(b) are linear fits to the measured data and the dashed red lines indi-
cate the 95% confidence bounds. The slope of the solid red line is the GF. Hence,
the GF at Vg = -2 V is larger (in absolute value) than the GF at Vg = 0 V, which
is larger than the GF at Vg = 2.5 V. In order to reconstruct the gate characteris-
tics, the mean Ids(p = 0 Pa) is plotted against Vg in figure 5.21(c). It is observed
that Imin is around Vg = -2 V. A comparison of the gate characteristics obtained
by pIdVg as shown in figure 5.20(a) and (d) yields a shift of Imin from Vg= -1.7 V
towards Vg= -2 V, which is expected. Qualitatively the characteristic features of
the gate characteristics are, however, nicely preserved.

Finally, the extracted GFs of all 14 quasi-static time dependent measurements
for Vg= -4, -3.5, ... , 2.5 V are depicted in figure 5.21(d). The maximum negative
GF = −463 ± 32 is measured at Vg = - 2 V, which corresponds to the location of
Imin. The minimum GF = −48 ± 8 is measured at Vg = 2.5 V. The error bars of
the GFs are calculated as described in appendix A.

Gate voltage dependent GF values extracted from quasi-static measurements 2nd Device

of a second device exhibiting positive GFs are shown in figure 5.22. Figure 5.22(a)
displays Ids-Vg characteristics under p = 0 Pa (red circles) and p = 40 kPa (blue
triangles). Increasing pressure leads to reduced Ids which renders the GF of the
device positive. The qualitative GF dependency on Vg, shown in figure 5.22(b),
is similar to the measurement presented in figure 5.21(d) for a negative GF. Here,
maximum GF is observed at Vg ≈ −2.75 V which corresponds to the location of
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Imin. GF is reduced to 0 towards the n- and p-type on state conductance of the
device.

The results presented in this section demonstrate the dependency of GFs on the
Vg bias of SGS-CNFETs. Gate voltage dependent GF measurements are presented
for a device with negative and one with positive GF. Both types of devices reach
maximum sensitivity at the location of Imin. It is also pointed out that the pressure
dependent signal is easily corrupted by shifts of the gate characteristics due to
fluctuating charge traps and changing surface potential at the SWNT surface.
Fluctuating surface potential may be apparent at small time constants (minutes
to hours) but also at longer time constants (days to years). Long term behaviour
of SGS-CNFET piezoresistors is briefly addressed in the next section.

5.6.3 Long Term Investigations of SGS-CNFET Piezoresistor s

So far, measurements of the GF have been snapshots at a certain point in time.
The long term behaviour of CNFETs in pressure sensors and their response to the
same pressure stimuli at different points in time has not been addressed. Here, re-
sults on long term investigations on electromechanical properties of SGS-CNFETs
are shown.

Figures 5.23(c) and (d) show quasi-static measurements of Ids(t, p) against t

(top blue graphs) measured at two different days with a period of 222 days bet-
ween the measurements. The differential pressure, p(t) applied at the membrane
versus t is depicted in the bottom curve by black solid lines. The measurements
are carried out on the same SGS-SWNT as the measurements from the previous
section section 5.6.2. A first observation from the two measurements at differentComparison:

Qualitative
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Figure 5.23: Long term investigations of the piezoresistance in SGS-CNFETs. (a) Ids-
Vg gate characteristic. (b) Relative change in resistance ∆R/R0 versus ǫ of four quasi-
static time dependent measurements. (c,d) Ids(t, p) versus t measured at (c) day 1
and (d) day 222. The markers in (a) indicate the Vg position at which the quasi-static
measurements of (c) and (d) are acquired.

days yields that the sign of the GF has not changed during the period of 222 days.

Next, quantitative comparisons between the two measurements are carried
out. The Ids(t, p) measurement at day 1 is acquired at a Vds = 30 mV and Vg =
0 V and the measurement at day 222 at Vds = 60 mV and Vg = 0 V. The dif-
ferent Vds biases do not influence the transistor characteristics, because the Ids-
Vds characteristics is linear. Nevertheless, the resistance at p = 0 Pa, R0, at
day 1 is R0(day 1) = 50 kΩ, which is little smaller than the resistance mea-
sured at day 222 R0(day 222) = 53 kΩ. The reason for this difference of R0
may be twofold. First, the Ids-Vg characteristics may degrade over time due Ageing

to ageing effects. Ageing of CNFETs encapsulated by ALD Al2O3 was investi-
gated in section 4.7, where it was concluded that contact oxidation and strong
degradation is suppressed by the use of ALD Al2O3 encapsulation. In the ave-
rage an on-state conductance increase by only 7% is measured on 10 CNFETs
after a period of 176 days. To test whether the increase of R0 at Vg = 0 V of
this SGS-SWNT is caused by ageing effects, the gate characteristics are measu-
red at both days. The extracted on-state resistance at day 1 is 31.9 kΩ and at
day 222 it is 32.0 kΩ. The off-state resistance is 178 kΩ and 172 kΩ, respecti-
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vely. CNFET degradation can therefore be ruled out as the cause of the different
R0. Second, R0 is measured in the subthreshold region the SGS-CNFET. Long
term potential fluctuations of the surface potential, φCNT, can shift the gate cha-
racteristics by up to a few tenth of a volt (see figure 4.23(b) and (c) for details).
Indeed, the resistance R0 corresponds to a value in the subthreshold region of
the SGS-CNFET gate characteristics. This is depicted in figure 5.23(a), where
the gate characteristics, measured by the pIdVg method with Vgmax = 3 V is de-
picted. The Ids values corresponding to R0 at day 1 and 222 are indicated by
a blue and yellow marker. After having observed that ageing is not the cause
for the different R0 values, GFs for measurements at the different days are cal-
culated by the procedure described in the previous section 5.6.2. At each day,
2 or more independent quasi-static time dependent measurements of the type
shown in figure 5.23(c) and (d) are performed. Figure 5.23(b) depicts the rela-
tive resistance change, ∆R/R0 against strain ǫ for two measurements at day 1
(left y-axis) and two measurements at day 222 (right y-axis). A linear fit to the
measurements yields GF1(day 1) = −206 ± 14, GF2(day 1) = −208 ± 14 and
GF1(day 222) = −225 ± 13, GF2(day 222) = −238 ± 12. While the GF values
measured at the same day hardly differ, the GF values at different days differ by
a larger value. The difference of ∆GF ∼ 25 cannot be explained by the error of
the measurements.

In section 5.6.2 it was shown that the GF strongly depends on the location ofExplanation

the gate characteristics measured. It is large at Imin and reduced towards the
transistor on-state. In this section it is shown, that the two R0 measured corres-
pond to different locations on the gate characteristics in the subthreshold region.
GF measured at day 1 is closer to the transistor on-state and yields a smaller
GF value. Hence, the difference of the GF at different days may be explained
by the different locations on the gate characteristics at which they are extracted.
We believe, that the GF value of SGS-CNFETs do not change over time if mea-
sured at the same location on the Ids-Vg characteristic. In order to verify this
assumption we measured the gate voltage dependent GFs twice with a time dif-
ference of 60 days between measurement runs. The results of the two runs are
shown in figure 5.24. GFs measured at day one are plotted by blue square sym-
bols and GF measured at day 61 by red circles. Both curves are shifted on the
x-axis by a Vg0 to set the location of Imin at Vg − Vg0. Due to hysteretic effects
the two curves are shifted by slightly different Vg0 values. Vg0(day 1) = 2.0 V
and Vg0(day 61) = 2.3 V. The same Vg0 values were used to match the Ids-Vg cha-
racteristics of the two measurement runs (see figure 5.24(b)). After shifting both
curves by Vg0 the gate voltage dependent GFs match almost perfectly indicating
that indeed GFs are stable over long periods of time.

After having demonstrated that the GF depends strongly on the location of
the gate characteristics measured and that they are stable over a long time, it is
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Figure 5.24: Long term investigations of Vg dependent GFs in SGS-CNFETs over a period
of 60 days. (a) GFs are plotted against Vg − Vg0 measured at day 1 (blue squares)
and at day 61 (red circles). The gate voltage dependent GFs match very well, which
shows that GFs are long term stable over a period of 61 days in our SGS-CNFETs.
(b) Ids-Vg gate characteristic corresponding to the measurements shown in (a) shifted
by the same Vg0 values. It nicely shows the long term stability of the CNFET gate
characteristics.

of great interest, to look at whether the piezoresistance of CNFETs is a contact
property or an intrinsic property of the SWNT. This question is addressed in the
following section.

5.6.4 Gauge Factors of SGS-CNFETs Fabricated on Long SWNTs

Electromechanical measurements carried out on individual SWNTs, reported in
literature show a great dispersion of GFs. It is proposed that the GF of SWNTs
depends on their chirality. However, unexpectedly large GF are reported in Refs.
[7, 65, 101] that cannot be explained by the model for thermally activated trans-
port due to a change of the electronic bandgap as predicted by the Yang/Han
equation (3.9) [63]. Other possible effects than the band gap variations are pro-
posed to be the reason for large GFs. If the piezoresistive effect is caused by
the change of the electronic bandgap under strain, Eg(ǫ) of a SWNT, then each
SWNT chirality responds differently to strain. If the piezoresistive effect is caused
by localized defects, local SWNT collapsing, local SWNT deformations due to the
rough substrate or the metal-SWNT contact, then reproducibility of the piezore-
sistive response from device to device is difficult to achieve. To clarify, whether
the GF arises due to local effects or due to effects intrinsic to the SWNT, measu-
rements on different segments of one SWNT are required. So far, reproducible
measurements of the GF on different device segments have not been demonstra-
ted.

141



5 Carbon Nanotube Pressure Sensors

0 1 2 3

x 10
-4

-0.1

-0.05

0

0.05

0.1

0.15

0.2

Δ
R

/R
0

(d)

shifted by -0.07

shifted by +0.07

1 2 3 4

x 10
4Pressure [Pa]

L = 1.8 mμ1

L = 2.4 mμ2

L = 5.3 mμ3

200 300 400 500 600
time [s]

700

1
2
3

p
 [
P

a
]x 10

4

L = 1.8 m1 μ L = 2.4 mμ2 L = 5.3 m3 μ

V = 0 Vg

V [V]g

I
[A

]
d
s

-4 -2 0 2 4
2

3

4

5
x 10

-7

5

6

7

8

9

10

11
x 10

-7

0
0.5

1

1.5

2

2.5

3
x 10

5

R
 [

]
Ω

(c)

0 100

0

10

20

Δ
Ω

R
 [
k

]
(a) (b)

V = 60 mVds
L = 1.8 m1 μ

L = 5.3 m3 μ

measurement
point quasi-static

Strain ε

L = 1.8 m1 μ

L = 2.4 m2 μ

L = 5.3 m3 μL1 L2

L3

4

Figure 5.25: Measurements of the GF in one long SWNT contacted at three locations. (a)
∆R versus t of the three segments of different length as depicted at top left. (b) Ids-
Vg characteristics of the shortest (dashed red) and longest (black solid) segments. The
shape of Ids-Vg is conserved at different locations of the SWNT. (c) R(ǫ) plotted against
p to show that both, R0 and ∆R depend on the channel length. (d) ∆R/R0 versus ǫ to
extract the GFs of the segment. All slopes are almost identical indicating similar GFs
for all segments.

Here, electromechanical measurements on one SWNT that is contacted at three
locations and measured at three segments are presented. Each segment has a
different channel length, L, as depicted in figure 5.25.

Figure 5.25(a) depicts three pieces of quasi-static measurements of ∆R versusThree
Segments time t, under a bias Vds = 60 mV and Vg = 0 V. The applied p(t) is plotted against

t in the inset by a black solid line. The same p(t) is applied for all measurements.
It is observed that the change in resistance, ∆R with pressure increases with the
length of the channel. ∆Rmax(L1) = 10 kΩ and ∆Rmax(L3) = 25 kΩ.

In section 4.5 it was shown that the CNFET resistance scales with channel
length L. If the piezoresistivity in CNFETs is caused by effects that are intrin-
sic to the SWNT independent from local effects, then the GF should be constant
for an individual SWNT. The piezoresistive GF is defined as ∆R/R0 · ǫ−1. Hence,
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a constant GF requires that ∆R scales by the same factor as R0 with respect to the
channel length. Before analyzing quantitative results of GFs, a few comments to
the measurement procedure are due.

In the previous two sections the importance was pointed out at which location
on the gate characteristics GF is measured. Comparative results on different seg-
ments can only be obtained, if the measurements of all segments are carried out
at the same location on the gate characteristics. To achieve this, the sensor rests
untouched for a few hours prior to measurements to bring the charge state of the
traps into a steady state. All quasi-static measurements on the different segments
are subsequently recorded one after the other at a Vg bias of 0 V. This Vg value
is a good choice to measure the GF close to Imin of the gate characteristics. To
visualize this, the gate characteristics of the longest and shortest segments are
depicted in figure 5.25(b). The dashed red line corresponds to the short segment
of L1 = 1.8 µm and the solid black curve to the long segment of L3 = 5.3 µm. The
intrinsic characteristic of the SGS-SWNT is well preserved. The crossing point of
the black dotted line with the gate characteristics indicates the location at which
the quasi-static measurements are recorded. Due to hysteretic effects, the Ids-
Vg characteristics are both shifted to the right by 0.3 V.

Figure 5.25(c) shows R(p) against p for all segments. It is observed, that the
resistance to pressure characteristic is linear. Each segment has a characteristic,
length dependent R0 and a characteristic slope dR

dp . Normalization of the resis-
tance and conversion of pressure to strain by the FE models yields the results
presented in figure 5.25(d), where ∆R/R0 against ǫ is shown. The results for seg-
ment L3 and L1 are rigidly shifted in y-direction by +0.07 and -0.07, respectively,
to separate the data points from individual measurements. The extracted GFs are
GF1 = 270 ± 17, GF2 = 299 ± 15 and GF3 = 294 ± 13. The result demonstrates
that GFs of similar magnitude are obtained from one SWNT, which is a strong in-
dication that mechanisms intrinsic to the SWNT are dominant over effects from
local variations.

All three experimental findings from the last section present a clear picture of
the GF dependency on time, surface potential on the SWNT and location measu-
red on the SWNT. This picture yields insights into the sensitivity of the piezore-
sistive element. Equally important as the sensitivity are, however, investigations
into the signal-to-noise ratio (SNR) in SWNT piezoresistors. This topic is addres-
sed in the following section.

5.6.5 Signal-to-Noise Ratio of SGS-CNFET Piezoresistors

SWNTs contacted in an FET configuration can be employed as piezoresistive ele-
ments in force, pressure and strain sensors. The sensitivity expressed by the pie-
zoresistive GF regularly exceeds the GF of state-of-the-art crystalline Si piezore-
sistors. Large GFs are especially obtained by employing SGS-CNFETs.
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However, although a high sensitivity is necessary and important, this crite-
rion alone cannot be sufficient in comparing CNTs with other established strain
gauge materials. Noise is another component of a sensor’s output that is ex-
pected to play an increasingly important role for miniaturized sensors. CNFETs
exhibit non-negligible low frequency 1/ f noise due to their reduced dimensions
and thus reduced number of carriers [127]. In the presence of noise, a better per-
formance metric is the signal to noise ratio that incorporates both sensitivity and
noise, especially for sensors operated close to the limit of detection. We have
already shown in section 5.6.2 that GFs in SGS-CNFETs depend on the applied
gate voltage Vg. On the other hand, the noise level is also known to depend on
Vg in CNFETs [135, 147]. These two facts suggest that SNR in piezoresistive SGS-
CNFET sensors might also depend on Vg, providing a way to maximize SNR
by electrical sensor biasing. Recently, Heller et al. [186] have discussed the SNR
dependence on Vg in the context of biosensors, showing that the maximum of
SNR does not coincide with the sensitivity maximum. The sensing mechanism
in CNFET strain gauges is of a complete different physical nature motivating a
separate SNR study, not performed thus far to our knowledge. In this section, we
investigate the SNR and its dependence on the gate voltage Vg for CNFET strain
gauges.

Electronic noise in CNFETs is dominated by 1/ f low frequency fluctuations.1/ f Noise

Low frequency noise in CNFETs was thoroughly investigated in section 4.6, where
it is demonstrated that the magnitude of 1/ f noise strongly depends on the gate
potential.

SNR is defined as the sensor signal power divided by the integrated noise po-
wer. The sensor signal of a piezoresistive CNFET sensor is defined as the change
of drain current, ∆Ids, under strain. ∆Ids can be expressed as a function of GFSignal: ∆Ids

and the uniaxial strain ǫ by

∆Ids =
−GFǫ

1 + GFǫ
Ids0, (5.17)

where Ids0 is the source-drain current at ǫ = 0. The low frequency noise power inSI

a CNFET is determined by the integrated current noise PSD defined by equation
(4.2) with corner frequencies f1 and f2. The SNR is then

SNR =
∆I2

ds
∫ f2

f1
SId f

=
∆I2

ds

AI2
ds0 · ln ( f2/ f1)

≈ (GF)2

A

1
ln ( f2/ f1)

ǫ2. (5.18)

Since f1 and f2 are defined only at the time of sensor design through analog data
filtering, for the sake of definiteness we take ln ( f2/ f1) to be 1. The right side of
equation (5.18) is valid only for small strains, which are in our sensors in a range
of ǫ ∈ [0, 5 · 10−4]. The SNR analysis is carried out assuming ǫ = 10−4.
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Figure 5.26: Low frequency noise measured with and without mechanical load at the SGS-
CNFET. (a) Ids-Vg characteristics at p = 0 Pa and p = 3.1 kPa. Ids is increased under
pressure around Imin rendering the GF < 0. (b) Summary of 6 A(Vg) measurement
runs out of which three runs are recorded at p = 0 Pa and three at p = 3.1 kPa. Black
lines indicate mean values of A(Vg) and the outer line of the blue and red shaded
areas are standard deviations. Quantitative similar A(Vg) results indicate insensitivity
of low frequency noise in SGS-CNFETs on small strain.

For the SNR analysis according to equation (5.18) it is assumed that A is in-
dependent of the small strain ǫ for the same applied Vg. This simplifying hypo-
thesis is not true a priori and needs experimental verification. A comparison of Strain

Dependency
of 1/ f

low frequency noise measured without and with ǫ > 0 applied to a SGS-CNFET
is shown in figure 5.26. The results are obtained from noise measurements on
one SGS-CNFET contacted on the large pressure sensor depicted in figure 5.2(a),
therefore the applied pressure of p = 3.1 kPa is large enough to strain the CN-
FET moderately. In the experiment, the gate voltage dependent noise amplitude,
A, is acquired six times. Three noise measurements are made at p = 0 Pa and
three at p = 3.1 kPa. Figure 5.26(a) shows typical Ids-Vg characteristics of the
SGS-CNFET acquired simultaneously with the noise amplitude at p = 0 Pa (blue
triangles) and p = 3.1 kPa (green squares). An increase of Ids around Imin is
observed when the membrane is under pressure, which identifies the GF of the
SGS-CNFET as negative. The noise amplitudes of the SGS-CNFETs are shown in
figure 5.26(b) and agree qualitatively to the Vg dependency shown in figure 4.18.
The black dashed and solid lines indicate mean value of A of all three measure-
ments under p = 0 Pa and and p = 3.1 kPa, respectively. The standard deviations
are indicated by the outer line of the blue and red shaded areas. A qualitative
comparison of the noise amplitudes versus Vg prior to and after applying strain
to the SGS-CNFET yields very similar A(Vg) characteristics. Quantitatively small
differences are observed which are however tiny compared to the overall Vg de-
pendency of A influencing the SNR in CNFET strain gauges. This important
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Figure 5.27: Signal-to-noise ratio in a SGS-CNFET piezoresistor. (a) 1/ f noise amplitude A
versus Vg and a fit of the data points in the subthreshold region by the model of num-
ber fluctuation (red dashed line). (b) Ids-Vg characteristics obtained from 1/ f noise
measurements (green circles) and from gate voltage dependent GF measurements (red
squares). (c) GF2 plotted against Vg. GF2 and A are the dominant properties of the
SNR in CNFET piezoresistors according to equation (5.18) (d) Signal-to-noise ratio ver-
sus Vg calculated from results shown in (b) and (c) for a moderate strain ǫ = 10−4. The
maximum SNR is obtained at Imin (Vg = -2 V), where large GF2 meet small A.

result allows now to extract the SNR from 1/ f noise measurements recorded wi-
thout mechanical load at CNFETs and as expressed by equation (5.18).

To carry on with the SNR analysis, we first turn our attention to the SGS-
CNFET from section 5.6.2 from which the Vg dependent GF has been extracted.
The Vg dependent noise amplitude of this SGS-CNFET is shown in figure 5.27(a)
with a shape that is characteristic for 1/ f noise in SGS-CNFETs. The red dashed
line is a fit of the number fluctuation model to the noise amplitude, as introdu-
ced in section 4.6.1. The green dots in figure 5.27(b) depict the SGS-CNFET gate
characteristic that corresponds to the noise amplitudes in figure 5.27(a). It is mea-
sured at Vds = 30 mV (y-axis to the left, x-axis at the bottom). The Ids-Vg values
from figure 5.21 (cf. section 5.6.2) acquired during the gate dependent GF measu-
rements are plotted in the same graph by red squares. The current Ids of the two
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curves differs by a factor 2, as expected due to the different Vds bias voltages. In
addition to the scaling of Ids the gate characteristics of the noise measurements
is shifted by ∆Vg ∼-0.2 V with respect to the Ids-Vg values from GF measure-
ments. The small shift is attributed to hysteretic effects that are always present,
when the Ids-Vg characteristics are recorded in our systems. Neither the scaling
of Ids, nor the shift of Vg influences the values of A as shown in section 4.6.5. A
is only dependent on the location of EF with respect to the band edges, Ec and
Ev. Hence, the gate characteristics recorded during the noise measurement run
can be shifted on the Vg axis to match the gate characteristics recorded during the
measurements of the GFs.

Regarding the SNR value in SGS-CNFETs, it is once again noted, that SNR va- SNR in
SGS-CNFETslues are calculated by assuming ln( f2/ f1) = 1 and a moderate strain ǫ = 10−4.

The SNR values obtained by equation (5.18) are plotted against Vg in figure 5.27(d).
Red dots are discrete SNR values that correspond to gate voltages at which the
GF and the noise PSD, SI , are measured. The dashed line is calculated as follows.
First, the discrete measured GF(Vg) are spline interpolated, which is used to cal-
culate ∆Ids(Vg). Then, the ratio of ∆Ids(Vg) with measured SI(Vg) is numerically
computed.

The result of the SNR is not surprising. It is maximum at Imin because at this
position the GF2 is maximum and simultaneously the 1/ f low frequency noise
amplitude exhibits a local minimum. Moving on the Vg-axis from the location
of Imin towards the p- and n-type on/off region of the transistor, GF2 decreases
quickly while the noise rapidly increases by up to a decade.

This is the explanation for the abrupt decrease of SNR outside of the transistor
off-region. Towards the n-type on-state, for Vg > 0.5 V, A decreases by more
than a decade compared to the n-type region of maximum gm at Vg = −1.5 V
(cf. figure 5.27(a)). The significant decrease of GF2 at the n-type on-state region
(Vg > 0.5 V) cannot be compensated by the reduced A compared to A at Imin.
Hence, the SNR in the on-state is small despite significant lower noise amplitudes
in this region. GF2 measured in the p-type region scales similarly to the n-type
region. Quantitatively however SNR remains larger compared to the n-type on-
state region.

The SNR versus Vg of a second SGS-CNFET with positive GFs (see figure 5.22(b)
for GF values) is shown in Figure 5.28 which is qualitatively similar to the SNR
shown in figure 5.27(d). The maximum SNR is reached at Imin of the device,
then SNR is reduced towards the n- and p-type on-state region by two orders of
magnitude.

To give a feeling about the sensor signal at different SNR, quasi-static mea- Quasi-static
Measurementssurements acquired under different Vg biases are depicted in figure 5.29(a) to

(e). Figure 5.29(f) depicts the pressure applied during the measurements. Quasi-
static time dependent measurements recorded in the subthreshold of the p-type
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Figure 5.28: Signal-to-noise ratio for a se-
cond SGS-CNFET with positive GFs.
The SNR peaks at Imin and is redu-
ced towards the n- and p-type on-state
conductance
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region are depicted in figure 5.29(a). The signal change is large due to a large
GF = −363. Large low frequency fluctuations are present for measurements in
the subthreshold region. This is shown as a fluctuation of Ids0. Figure 5.29(b) de-
picts the measurement recorded at Imin, where the largest GF and the best SNR

is extracted. Large ∆Ids and small low frequency fluctuations clearly render this
the measurement of choice. Moving away from Imin towards the n-type on-state
gradually reduces the quality of the SGS-CNFET response to the pressure stimuli
as depicted in figure 5.29.

5.6.6 Discussion

The discussion of the results presented in this section is divided into four main
parts. The first part is a discussion of the physical mechanisms related to the elec-
tromechanical response of CNFETs. Second, the change of the electronic structure
properties of the CNFET due to physical mechanisms is discussed. The quanti-
tative results are discussed and possible reasons for the unexpectedly large GFs
are pointed out. Finally, the discussion moves towards long term investigations
and comparison between piezoresistive properties of s-SWNT and SGS-SWNT.

Measurements carried out on the same straight, long SWNT contacted at dif-Physical
Mechanisms ferent positions were presented in section 5.6.4. The results yield important in-

sights into the physical mechanisms that lead to the piezoresistance of SWNTs.
GFs similar in magnitude are calculated from measurements on three segments
of the same SWNT. The length of the segments are unequal. Possible mechanisms
that lead to piezoresistive effects can be local, affecting only parts of the SWNT, or
global, affecting each part of the SWNT equally. Local mechanisms may includeLocal

Mechanisms effects caused by localized defects along the SWNT, local SWNT collapsing, lo-
cal SWNT deformations due to the rough substrate or the metal-SWNT contact.
Such very local effects may be very strong indeed, dominating the piezoresistive
behaviour of SWNTs. On the other hand, local effects strongly vary along the
length of the SWNT. Hence, if local effects are the main reason of the piezoresis-
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Figure 5.29: Quasi-static time dependent measurements acquired under different
Vg biases (a) to (e). (f) depicts the pressure stimuli that are applied during the mea-
surements. (a) Quasi-static measurements recorded in the p-type subthreshold at
Vg = −2.5 V. (b) Ids(t, p) at Vg = −2.0 V where the largest GF and the best SNR
is extracted. (c) and (d) Ids(t, p) in the n-type subthreshold region and (e) in the n-type
on-state region.

tance in CNFETs, the GF should not be reproducible over different segments. The
probability of local defects, for example, increases with increasing length of the
SWNT segment. If the scattering cross section of local defects is strain dependent,
then the GF of SWNTs has to be length dependent. If the electromechanical ef-
fects are caused at the metal-SWNT interface due to contact effects, ∆R will be
independent of the SWNT segment length leading to a monotonically decreasing
GF with increasing channel length in SWNTs. These trends are not observed in
the measurements. Consequently, local effects can be ruled out as the dominant
piezoresistive effect.

Global mechanisms are effects that are location independent such as uniaxial Global
Mechanismsstrain, torsion, global collapsing of the hole SWNTs due to surface forces, SWNT
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5 Carbon Nanotube Pressure Sensors

Figure 5.30: Simulation of the Ids-Vg cha-
racteristic of a SGS-CNFET with
Eg = 40 meV (black solid line). The
same SGS-CNFET characteristics af-
ter strain increased the band gap by
10 meV to Eg = 50 meV. The large
value of Ids under a bias of Vds = 60
mV is obtained because contact bar-
riers and electron scattering are not
considered in the model.
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deformations due to rough surfaces with constant rms. Even though nume-
rous global mechanisms may lead to piezoresistive effects in SWNT, they lead
to constant piezoresistive GF over the length of one SWNT. This important fin-
ding reduces the GF dependency of SWNTs to properties that are controllable by
state-of-the-art processes. The rms of a surface can be adjusted by the growth
parameters of thin films, or the surface forces tailored by appropriate surface
treatments.

From the electronic point of view, global mechanisms lead to a uniform changeElectronic
Mechanisms in the electronic structure of the SWNT under strain. Based on the results of pre-

vious experiments and from experiments measuring the band gap change by Ra-
leigh scattering [89], it is believed that modulation of the electronic band gap is
the reason for the piezoresistance in CNFETs. In section 5.6.2 the dependency
of the GF on Vg was investigated on a SGS-SWNT and it was shown that GF is
maximum at Imin. We recall that the electronic bandgap of SGS-SWNTs is attri-
buted to curvature effects of the hexagonal carbon network in a SWNT [19, 187],
which is verified by experiments in [35, 188]. The band gap of SGS-SWNTs is in
the order of kBT = 26 meV at room temperature. Due to this small band gap both
hole and electron currents contribute to Ids which leads to the familiar ambipo-
lar gate characteristics with large off-state currents. The ratio between hole and
electron current that contribute to Ids changes when the applied gate voltage is
swept from the p-type on-state region through the gap into the n-type on-state
region. Assuming similar contact barriers for the holes and the electrons, then
Imin is at the location when hole and electrons contribute equally to Ids. A typical
Ids-Vg characteristic obtained by self consistent simulations of a SGS-SWNT with
an initial band gap Eg = 40 meV is depicted in figure 5.30 by a black solid line.
We now qualitatively discuss how the Ids-Vg characteristic is changed when the
band gap increases under strain. For that it is assumed that EF is located in the
middle of Eg.

Symmetric increase of the band gap with respect to EF reduces the hole andSymmetric
Gap Opening
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5.6 Piezoresistive Properties of SWNT Transistors

electron current symmetrically with respect to Imin. Hence, the location of Imin
with respect to Vg does not change. This type of opening is depicted in figure 5.30
by a dotted red line. The band gap is increased by ∆Eg = 10 meV.

Asymmetric increase of the band gap reduces only one type of current and the Asymmetric
Gap Openingthe location Imin moves into the direction of the asymmetric gap opening.

Movements of Imin due to strain are not experienced from gate voltage de- Measurements

pendent GF measurements. Moreover, the maximum GF of asymmetric band
gap opening would be located in the subthreshold region of the devices and not
at Imin. It is, however, shown, that the maximum GF is measured at Imin. We
therefore believe that symmetric change of the band gap is the reason for the
piezoresistive properties of SGS-CNFETs. Contact barriers that lead to a diffe-
rence between Ids in the n-type and p-type on-state may lead to asymmetry that
may marginally influence the location of Imin. This has not been observed in the
measurements.

Even though very similar GF are measured on different segments of one SWNT, Quantitative
Resultstheir magnitude and also their sign cannot be explained using the models predic-

ted by Yang et al. and Kleiner et al. [19, 63]. To date, no explanation and experi-
mental verification is found for this quantitative discrepancy. The simple model
of thermally activated current may not be accurate enough to derive the band gap
changes from measured GFs in CNFETs. To quantitatively clarify this remaining
question, CNFET transistor models are required that simulate the electrostatics,
the transport properties of long channel SWNTs and the contact properties accu-
rately enough.

Results from long term investigations on CNFET piezoresistors have partially Long Term
Resultsbeen discussed in section 5.6.3. Similar GFs are measured over a period of 222

days. This result is of great importance for future electromechanical sensors em-
ploying CNFETs as the piezoresistive sensing element. The small difference of
GFs measured at different days is attributed to shifts of the gate characteristics
by hysteretic effects.

This assumption has been verified by measuring the gate voltage dependent
GFs twice with a time difference of 61 days between measurement runs. Results
show that the gate voltage dependent GFs match almost perfectly indicating that
indeed GFs are stable over long periods of time. Results of long term investi-
gations on the piezoresistance in SGS-SWNTs is not only of interest for sensor
applications but equally important for CNFETs used in analog microelectronics
or other types of sensor such as chemical or biochemical sensors. Here, signal
stability is of prime interest. Since the electronic properties of SGS-SWNTs are
highly sensitive to mechanical uniaxial or torsional deformations, any mechani-
cal deformation that changes over time leads to a change in the CNFET charac-
teristics. Long term studies of the electronic properties of CNFETs presented in
section 4.7 show that the overall characteristics are not changed. Consequently,
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5 Carbon Nanotube Pressure Sensors

the fabrication process of our devices does not only yield insensitive devices to
the ambient but also devices that are stable with respect to mechanical deforma-
tions over time.

So far, the discussion is based on results obtained by measurements on SGS-s-SWNTs
SGS-SWNTs SWNTs. Now we turn our attention to semiconducting SWNTs and compare the

results with SGS-SWNTs. The first observation considering s-CNFETs is the low
yield that is obtained from measurements. Only 6 out of 13 measured s-SWNTs
show a change of Ids under strain, while all SGS-SWNTs are piezoresistive. How
can this difference be explained, despite the theoretical predictions of large band
gap change of s-SWNTs under strain? CNFETs from semiconducting SWNTs
differ fundamentally from CNFETs of SGS-SWNTs regarding the size of the elec-
tronic band gap, Eg, and the size of SBs at the contacts. This topic was covered in
detail in section 2.2. Eg of s-SWNTs are in the order of hundreds of meV and CN-
FET Ids-Vg characteristics are often strongly asymmetric in the p-type or n-type
on-state region and can even be unipolar due to the strong SBs. SBs are also the
reason why it difficult to find the location of EF with respect to the band edges,
which is demonstrated experimentally by Ilani et al. [189]. They measured theQuantum

Capacitance total quantum capacitance of a s-SWNT device, cgL, as a function of the applied
Vg. The quantum capacitance is directly related to the DOS of the SWNT, from
which the band edges can be extracted. It is nicely shown, on a p-type transistor,
that the transistor turns-off due to barriers before EF reaches the band edge.

How do these findings impact the piezoresistance in s-CNFETs? Let’s considerExample

a p-type s-SWNT piezoresistor contacted in a CNFET configuration under strain.
For large negative Vg, the transistor is in the on-state and EF is located within thep-type

valence band. At this position, variations in the band gap due to strain is unlikely
to be detected. By moving Vg towards more positive voltages, the Ids enters the
subthreshold region. Strain dependent band gap changes will be detected if SBs
at the p-type side of the transistor are very small. In the p-type subthreshold
position the electron current is still negligible and hence the strain dependent
band gap change modifies only hole current. In the off-state of a s-SWNT Ids is
close to zero (for small to medium diameter SWNTs). Band gap changes cannot
be detected at this position of the gate characteristics. The gate characteristic inn-type

the n-type region is dominated by the contact properties. Here, the transistor
enters the subthreshold region, if the SB width is small enough that electrons can
tunnel through the barrier. It is possible that EF resides deep in the conduction
band at the transistor turn on. Any band gap changes due to strain may change
the SB width leading to a de- or increased tunnelling probability. Overall, it is
therefore expected that band gap modifications in s-CNFETs can be detected in
the subthreshold region of the devices. However, this is exactly the region in
which low frequency noise is large which may burry the Ids change in the noise
floor. Complex contact properties and large Eg may therefore be the reason for
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the low piezoresistance in s-CNFET devices. As a consequence it is proposed to
use SGS-CNFETs for future electromechanical applications.

5.6.7 Conclusions

Piezoresistive properties of s-SWNT and SGS-SWNTs are thoroughly investiga-
ted. In total of 24 CNFETs are electromechanically tested on the five different
pressure sensors out of which 13 CNFET characteristics show semiconducting
behaviour and 11 are from SGS-SWNTs. Piezoresistive response are obtained
from all 11 SGS-SWNTs but only from 6 out of 13 s-SWNTs. Half of the SGS-
SWNTs show positive GFs and half of them negative GFs.

Through qualitative comparison of measurement results it was concluded that
SGS-SWNTs are superior to s-SWNTs with respect to absolute Ids change and
the amplitude of low frequency noise corrupting the signal. This conclusion is
supported by GF simulation results of s-SWNTs and SGS-SWNTs presented in
section 3.3 based on the model of thermally activated transport where it has been
shown, that realistic Ids currents in s-SWNTs of diameters d < 3.8 nm fall below
1 nA, which is hard to detect, whereas in SGS-CNFETs the off-current remains
large due to the small bandgap Eg. This is why it was decided to focus measure-
ments on SGS-CNFETs for detailed investigations of the piezoresistive properties
of SWNTs.

Detailed investigations on the piezoresistive properties of SGS-CNFET are now
summarized. SGS-SWNTs exhibit GF that can be modulated by the applied Vg.
Large GFs of up to GF = −463 ± 32 are obtained at the off-state region of SGS-
CNFETs. They are reduced to GF = −48 ± 8 towards the device on-state. It is
believed that opening of the electronic band gap is the explanation of the piezore-
sistance in SGS-SWNTs. CNFET simulations confirm the results of Vgdependent
GFs.

GFs measured on different segments of one long SWNT are very similar in
magnitude. This results is a strong indication that the piezoresistive properties of
SWNTs is dominated by intrinsic properties of the SWNT rather than by random
local effects.

Long term investigations show only minor variations of the GF over time. This
result is of utter most importance for future applications employing CNFETs as
strain sensitive element.

The signal-to-noise ratio of a sensor is the figure of merit that relates the sensor
sensitivity to the noise floor of the element. The advantage of highly sensitive
devices may come with the disadvantage of large signal noise. For the first time,
SNR measurements of CNFET piezoresistors are shown. It is concluded that the
SNR is maximum at Imin and it is proposed to operate sensors at this position of
the gate characteristics.
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6 Conclusion
We have demonstrated that carbon nanotube transistors are great piezoresistors
under small strain (ǫ < 5 · 10−4). This result has been used as a motivation to
fabricate and characterize the world’s smallest membrane based piezoresistive
pressure sensor with a circular sensor membrane as small as 40 µm in diameter on
which SWNTs are integrated as CNFETs which serve as the transducer element.

To achieve these results, a number of advancements in the realm of SWNT
based transistors for sensors in general and in particular of SWNT based electro-
mechanical transducers were made.

A stable CNFET fabrication process has been developed. The fabrication pro- Fabrication

cess is based on CVD growth of SWNTs and contacting the SWNT channel by
source and drain metal electrodes. Transistors are optionally encapsulated by an
ALD Al2O3 layer to protect them from ambient. This fabrication process provides
CNFETs with a yield of almost 100% electrically working devices. CNFETs are
electrically characterized with respect to their Ids-Vg gate characteristics and low
frequency 1/ f noise properties. For that, three fully automated measurement
setups were built and tested.

Electrical characterization of CNFETs is focused on three main topics: Metal- Electrical
CharacterizationSWNT contact reproducibility, long term behaviour and low frequency 1/ f noise.

Contact properties are investigated for Pd and Cr/Au contacts on large dia- Contact
Propertiesmeter (d > 2 nm) SGS- and s-SWNTs. For that, long and straight SWNTs are

contacted at 3 locations and divided into 2 independent segments of different
lengths. Direct comparison of Ids-Vg characteristics of different segments on the
same SWNT allows a quantitative comparison of contact properties. Overall,
Pd contacts yield more reproducible contact properties than CNFETs contacted
by Cr/Au metal. The magnitude of the on-state resistances of SGS-CNFETs are
found to be smaller than the those of s-SWNTs. This result can be directly un-
derstood by the theory of SBs that form at the metal-SWNT interface, that are
larger in s-SWNTs compared with SGS-SWNTs.

Low frequency noise properties of CNFETs encapsulated by ALD Al2O3 and 1/ f Noise

in ambient air were measured. It is observed that 1/ f noise dominates in CN-
FETs. The magnitude of the noise amplitude depends at which location on the
Ids-Vg characteristics it is measured. It is large in the device subthreshold region,
where the device transconductance is large and decreases toward the on- and
off-state of the device, where the device transconductance is small. The diffe-
rence between the subthreshold region and the on-state is as large as one order
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of magnitude in our devices. This observation can be explained by the noise
model of carrier number fluctuation. Noise amplitudes in SGS-SWNTs are regu-
larly between 10−6 to 10−5. Semiconducting SWNTs exhibit one to two orders
of magnitude larger noise amplitudes. A number of studies have reported noise
amplitudes of similar magnitudes in their CNFETs.

Comparative electrical characterization of CNFETs encapsulated by ALD Al2O3CNFET Long
Term

Characteristics
and in ambient has been carried out over a period of 260 days. The gate charac-
teristics of ALD Al2O3 encapsulated devices remain almost stable over the full
period of 260 days while non-encapsulated devices degrade over a period of 23-
56 days. It is proposed that degradation occurs at the contact most probably due
to metal contact oxidations. In addition to long term stability of ALD Al2O3 en-
capsulated devices, their noise amplitude is reduced by up to a factor of 7 after
encapsulation. The results of electrical CNFET investigations are summarized in
figure 6.1.

After summarizing electrical CNFET characterization, we turn our attention
to the design, fabrication and characterization of pressure sensors made of CN-
FETs as the transducer element. The sensor design is based on circular doubleSensor Design

layer thin film membranes of SiO2 and Al2O3with integrated CNFETs. The mem-
brane diameter of the ultra small sensor is as small as 40 µm and the thickness is
2 · 70 nm. Piezoresistive CNFETs are embedded at the interface between the bot-
tom SiO2 and top Al2O3 layer and contacted by metal leads and gated by either
a side- or a top-gate.

Larger sensors are made of the same thin film materials with diameters of
80 − 700 µm and various layer thicknesses. Up to 8 CNFETs can be integrated
on a large sensor membrane, which renders them versatile test benches for the
characterization of CNFETs under small strain.

Bulge test measurements of SiO2/Al2O3 membranes without integrated CN-Bulge test

FETs affirm that the membrane made of compressive SiO2 and tensile Al2O3 with
a thickness ratio of 1 is mechanically stable and flat if zero differential pressure
is applied. The observed pressure-deflection characteristics behave according to
theory of large membrane deflection. A FEM model of a double layer membrane
clamped along the edges is used to fit the load-deflection measurements. It is
also used to calculate the pressure to strain relationship at any location on the
membrane. Accurate pressure to strain conversion is important to extract piezo-
resistive gauge factors of CNFETs.

Piezoresistive properties of s-SWNT and SGS-SWNTs are thoroughly inves-Electro-
mechanical

CNFET
Properties

tigated. In total of 24 CNFETs are electromechanically tested on five different
pressure sensors out of which 13 CNFET characteristics show semiconducting
behaviour and 11 are from SGS-SWNTs. Piezoresistive responses are obtained
from all 11 SGS-SWNTs but only from 6 out of 13 s-SWNTs. Half of the SGS-
SWNTs show positive GFs and half of them negative GFs. Detailed analysis of
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piezoresistive behaviour is only carried out on SGS-CNFETs due to their superior
electromechanical response.

SGS-CNFET exhibit GF that can be modulated by the applied Vg. A large GF
of up to GF = −463 ± 32 is obtained at the off-state region of one SGS-CNFET.
This value exceeds GFs of state-of-the-art single crystalline Si. The GF of the
SGS-CNFET is reduced to GF = −48± 8 by moving Vg out of the off-state region
towards the device on-state. It is believed that opening of the electronic band
gap is the explanation of the piezoresistance in SGS-SWNTs. Preliminary CNFET
simulations confirm the results of Vg dependent GFs.

GFs are also measured on different segments of one long SWNT. Quantitati-
vely very similar GF are observed on different segments but on the same SWNT.
This results is a strong indication that the measured piezoresistive properties of
SWNTs are dominated by the change of intrinsic SWNT properties rather than
by random local effects. This result is a strong motivation to proceed research on
CNFET electromechanical properties.

Long term investigations of piezoresistive properties of CNFETs have been
carried out over a period of 222 days by means of repetitive electromechanical
sensor characterization at constant Vg biases. The extracted GFs showed minor
variations over time. These minor variations originate from the strong Vg de-
pendent magnitude of GFs. Potential fluctuations at the CNFET channel over
time lead to voltage shifts in the Ids-Vg characteristics of CNFETs. Consequently,
GF measured at constant Vg correspond to GFs measured at different locations
on the gate characteristics. This hypothesis was verified in a second study were
the whole gate voltage dependent GF characteristic of a SGS-CNFETs was repro-
duced over a period of 61 days. The results proof that GFs remain stable over a
period of 61 day.

The signal-to-noise ratio of a sensor is the figure of merit that relates the sensor
sensitivity to the noise floor of the sensing element. We have investigated the
signal-to-noise ratio in carbon nanotube piezoresistive transducer elements. We
showed on SGS-CNFETs that the SNR is gate voltage dependent with a maxi-
mum at the transistor minimum current, Imin, and lowest in the transistor p-
type and n-type on-state region. This effect is explained by the gate voltage de-
pendency of both, the noise amplitude, A(Vg), which scales as described by a
charge-noise model and the piezoresistive response GF(Vg) due to a change in
the SWNT electronic band-gap. These findings are verified in real time sensing
experiments where maximum resolution is achieved at Imin. The results propose
to operate SGS-CNFET strain sensors at Imin to maximize sensor resolution. Cur-
rently, direct quantitative comparisons of SNR in CNFETs and Si piezoresistors
are not available.

A qualitative summary of most important findings of piezoresistivity in SGS-
CNFETs is given in figure 6.2.
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Ultra small pressure sensors were fabricated and characterized. Their mem-Ultra Small
Sensor brane diameters are as small as 40 µm which is made possible by the tiny size

of CNFET transducer elements. The sensors have linear transfer characteristics,
and the presented performance of the small pressure sensor with a resolution of
15 mbar is achieved by the high piezoresistance of the SWNT strain gauge with
gate voltage dependent GF between 100 to 450. The maximum gate voltage de-
pendent output sensitivity, So is So = 0.15 ± 0.015 at Vg ∼ 2 V, which is close
to the gate voltage bias Vg = 2.9 V at which the transistor is in the off-state. The
extracted range of the output sensitivity is So = 0.04 ± 0.02 − 0.15 ± 0.015. The
dependency of the sensitivity on the gate voltage bias can be used to adjust the
sensitivity. In principle, this allows to easily calibrate SWNT pressure sensors for
future applications. Furthermore, the power consumption of ∼100 nW is excep-
tionally low for piezoresistive sensors.

6.1 Outlook

The electrical and electromechanical properties and effects of SGS- and s-CNFETs
described in this thesis provide experimental advancements towards CNFET sen-
sor applications. In order to fully understand and quantify individual CNFET

Computational
Model

particularities, a full quantum mechanical computational model of long chan-
nel devices is of utmost importance. Computational models considering CNFET
contacts, device geometry, SWNT type and mechanical deformation are also re-
quired to reproduce the gate voltage dependency of GFs, the positive and ne-
gative sign of GFs in SGS-SWNTs and the influence of depletion regions on the
electromechanical properties of CNFETs.

It has been observed that SGS-CNFETs are the favoured SWNT type for elec-Low
Temperature

Measurements
tromechanical applications due to their large GFs measured at large off-state cur-
rents, their low on-state resistances and small 1/ f noise amplitudes compared
with s-CNFETs. To further elucidate the origin of this small band gap (be it due
to curvature effect, due to defects or mechanical deformations) we propose to
carry out in depth low temperature characterization of SGS-CNFETs to quantify
the size of their band gap and the quality of their band gap.

Even though preliminary temperature dependent measurements have beenTemperature
Coefficient

of Resistance
carried out on SGS-SWNTs, which show strong temperature dependent Ids, re-
sults are far from being conclusive. It is therefore proposed to measure the tem-
perature coefficient of resistance (TCR) of CNFET piezoresistors by in depth cha-
racterization.

The fabrication process presented in this thesis for CNFETs and CNFET basedBatch
Fabrication pressure sensors is a typical prototyping process. In a next step, a process has

to be developed that allows for batch fabrication of CNFETs and CNFET based
pressure sensors. Batch fabrication will open up the possibility to acquire statis-
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Section Non-Encapsulated Encapsulated by Al O2 3

SWNT Type SGS-SWNT s-SWNT SGS-SWNT s-SWNT

CNFET Geometry for Sensors

CNFET Geometry

3.3,4.3

Side- or Backgate Side-, Back- or Topgate

Channel Length Long channel (L= 1-2 µm) Long channel (L= 1-2 µm)

Contact Metal Pd, Cr/Au Pd, Cr/Au

SWNT Diameter (Typ.) 2-3 nm 2-3 nm

DC CNFET Characteristics

CNFET Polarity

4.4, 4.5

ambipolar unipolar,
p-type

ambipolar unipolar,
n-type

on/off-Ratio (typical) 1-10 10 -10
3 5 1-10 10 -10

3 5

Contact Type ~ ohmic Schottky type ~ ohmic Schottky type

On-state Resistance (L~1µm) 30-50 kΩ 60-200 kΩ 30-50 kΩ 60-200 kΩ

Low Frequency Noise Properties

Shown in Figure

4.6

4.17 4.15, 4.16 4.18 not shown

Noise Amplitude at I (Typ.)on ~10
-5

1-2x10
-4

~10
-6

1-4x10
-5

Noise Amplitude at I (Typ.)off - 1-3x10
-4

3x10
-6

4-8x10
-5

Noise Amplitude at g max.m - 2-7x10
-3

2x10
-5

1-2x10
-3

Long Term Stability of CNFETs

CNFETs Operational
4.7

(Fig 4.23)

23-56 days > 260 days

On-state Cond. Stability not stable ± 7% over 176 days)

Figure 6.1: Summary of key figures measured on CNFETs that are designed for the use in
electromechanical sensors. Key figures are shown for SGS- and s-CNFETs encapsula-
ted by Al2O3 and for non-encapsulated devices. They are grouped in DC CNFET elec-
trical properties, low frequency noise properties and long term stability investigations.

tical measurement data on the piezoresistance of CNFETs. A first step towards
parallel integration of CNFETs by standard processes has already been made by
L. Durrer.

Finally, the results presented in this thesis encourage to employ CNFET strain New Areas

gauges in other electromechanical applications to benefit from their exceptional
properties. One possibility would be to downscale AFM cantilevers with CNFETs
as transducer element.
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6 Conclusion

Section GF < 0 GF > 0

SWNT Type SGS-SWNT

Number CNTs measured 5.6.1 5 of 11 6 of 11

Max. GF 5.6.2 -463±32 395±15

GF Tunability 5.6.2 Tunable between 0% and 100%
of max. GF by applied V .

Max. GF is observed at off-state
of transistor

g

Signal-to-noise Ratio (SNR) 5.6.5 Max. SNR at off-state of
transistor where GF is maximal
and noise amplitude is minimal.
SNR reduced towards on-state.

Long Term Stability of GFs 5.6.3 Long term stable GFs up to 222
days measured.

Figure 6.2: Summary of electromechanical properties of CNFETs measured in this thesis.
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A Error Calculation
The power and versatility of the new ViDi 3.06 EM software described in the re-
port of Markus Putzi [113] was tested by applying a full set of characterization
measurements on the test sample with integrated micron sized thin film gold
lines adhering to a micromachined alumina membrane. We performed mecha-
nical, electrical and electromechanical measurements which are discussed. Fur-
thermore an exhaustive error analysis is carried out on the measurement data.

A.1 Mechanical Measurements

The mechanical measurements proceeded as described in section 5.2.1. The re-
sults of the load deflection behaviour are shown in figure A.1. Additionally, we
show the calculated line strain ǫ versus the applied differential pressure p in fi-
gure A.2. Results from mechanical measurements will subsequently be used to
extract the electromechanical properties of the thin metal film.

For the error extraction of the mechanical measurements we proceeded by ap-
plying Gaussian error propagation. First, we will discuss the error of the applied
pressure (σp) and second the error of the membrane deflection (σw).

The error of the applied differential pressure consists of three contributions
that appear independently in the measurement chain and can therefore be treated
independently and summed up using Gaussian error propagation. The first part
of the error chain is the pressure fluctuation apparent in the pressure chamber. Its
standard deviation is (σpm) calculated of 20 consecutive pressure measurements.
These 20 measurement points are recorded during the time of the membrane
deflection measurement with the Zygo WLI. The second part of the chain is the
error of the Burster pressure sensor (σpiB = 345Pa). This value is indicated by
the data sheet of the sensor as 0.05% of the maximum applicable pressure value
of 6.9bar. The third source of error in the chain is the instrumental error of the
Keithley Picoamperometer 6485 (σIK = Iout · 10−3 + 1µA), where Iout is the output
current of the Burster pressure sensor. The amount of error due to σIK can be
derived via the following current-to-pressure conversion expression:

p = (Iout − I0)

(

Pmax

Irange

)

, (A.1)
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A Error Calculation

Figure A.1: Plot of measured load-deflection behaviour of a 100nm thick ALD alumina
membrane of diameter 264µm. The maximal deflection at the center of the membrane
w in [m] is on the x-axis and the differential pressure p in [Pa] on the y-axis. Circles
denote measured points and the solid line the fitting curve. σp is the value of error
bars in y-direction and σwMech in x-direction, respectively.
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A.1 Mechanical Measurements

Figure A.2: Plot of the load-strain dependency of a 100nm thick ALD alumina membrane
of diameter 264µm. The calculated strain ǫ in [%] is on the x-axis and the differential
pressure p in [Pa] on the y-axis. σp is the value of error bars in y-direction and σǫ in
x-direction, respectively.
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A Error Calculation

where I0 is the output current of the Burster pressure sensor for zero differen-
tial pressure, Pmax is the maximal pressure range of the Burster pressure sensor
indicated as 100Psi (6.9bar) on the data sheet and Irange is the Burster output cur-
rent range for differential pressure between p = 0bar and p = Pmax. For the error
propagation we assume that Irange and Pmax are accurately indicated on the cali-
bration data sheet that is shipped with the Burster pressure sensor. Therefore, we
assume that any error from the pressure sensor is within the 0.05% of the final
value Pmax. The error of the pressure due to σIK is then given by

σpiK =
Pmax

Irange

√

[(1 − I0) σIKout ]
2 +

[

(Iout − 1) σIK0

]2, (A.2)

where σIKout is the error contribution from the output voltage of the Burster sen-
sor and σIK0 is the contribution of the zero pressure current that is individually
measured with the Keithley Picoamperometer (6485) before each mechanical and
electromechanical measurement. The total error of the pressure is then given by

σp =
√

σ2
pm + σ2

piB + σ2
piK (A.3)

The error of the membrane deflection information σw consist of two compo-
nents in the measurement chain. Firstly, the error of the resolution of the Zygo
WLI (σwiZ) and secondly an estimated error of 30nm for uncertainties in reading
the value from the WLI image (σwiR). These 30nm appear most likely from issues
with light measurement methods when measuring the deflection of the transpa-
rent ultra thin alumina membrane. The exact origin of the issue is still under
investigation. Due to lack of a set of multiple measurements for statistical ana-
lysis we cannot indicate a statistical error for the deflection measurement. This
contribution will be evaluated by performing multiple measurements for each
pressure in a future experiment. Internal discussion however lead to the conclu-
sion that this contribution will be relatively small compared to the error σwiR. The
total error of the membrane deflection is therefore given by

σwMech =
√

σ2
wiZ + σ2

wiR. (A.4)

For the error of the calculated strain σǫ we include two contributions, namely the
error extracted by error propagation (σǫw) and the error due to the application
of an analytical strain-deflection model, that has limited accuracy, hence we add
another error of estimate of σǫm = 5% · ǫ [169].
The applied strain-deflection model ǫ(w) assumes that the deflected membrane
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shape is spherical and is given by:

ǫ =
θ − sin θ

sin θ
and θ = arccos

[

r2 − 2w2

r2 + 2w2

]

. (A.5)

The result for strain ǫ is therefore given by

ǫ =
1
2

[ r

w
+

w

r

]

(θ − sin θ), (A.6)

where w is the maximum deflection in the center of the membrane and r is the
radius of the membrane. The error σǫw due to error propagation is then given by

σǫw =

√

(

∂ǫ(w, r)

∂w
σwMech

)2

+

(

∂ǫ(w, r)

∂r
σr

)2

, (A.7)

where σr is the error from the measurement of the membrane radius. The dia-
meter (2r) of the membrane is measured with the Zygo WLI. The Zygo WLI has
a lateral resolution of 0.69µm. For the instrumental error σrm of the determi-
nation of the radius r we therefore estimate an error equal to the resolution of
the WLI. Furthermore the accuracy of repeated radius measurements is found as

σrm = 2µm. In total, the error of the radius is σr =
√

σ2
rm + σ2

ri and the total error
of the applied strain to the membrane is found as follows:

σǫ =
√

σ2
ǫw + σ2

ǫm. (A.8)

A.2 Electrical Measurements

The electrical measurement was carried out in a 4-probe configuration by ap-
plying a current sweep between Imin and Imax with a step size of ∆I. For each
discrete measurement point we measured the current I and the voltage V. Then
we use a linear regression I = GV to extract the conductance G of the metal thin
film line and its standard deviation due to measurement error σGm. For the mea-
surement on hand we applied a current I between Imin = 2µA and Imax = 18µA
to the metal thin film with a step size of ∆I = 0.25µA. The measured voltage was
up to 5mV.
In addition to the measured standard deviation there are the instrumental errors
of the electrical equipment. The instrumental errors of the current source (Keith-
ley 2400) σii and of the voltage meter (Keithley 2000) σvi are calculated as follows:

σGi =

√

(

1
V

σii

)2
+

(

− I

V2 σvi

)2
, (A.9)
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where σii = 0.031% · 18µA+ 20nA = 2.558 · 10−8A and σvi = 40 · 10−6 · 5mV+ 37 · 10−6 · 0.1V = 4 · 10−

and the total error of the conductance σG and the resistance σR is given by:

σG =
√

σ2
Gm + σ2

Gi and σR =

√

(

− 1
G2 · σG

)2
. (A.10)

where R = 1/G.

A.3 Electromechanical Measurements

The goal of the electromechanical measurement is the extraction of the gauge fac-
tor (GF) of the metal strain gauge. For thin film metal we expect a value around
2 [181]. The GF is an important measure of the piezoresistivity of a material.
For gold thin film metal lines and small values of strain we expect a linear rela-
tionship between the relative change of the thin film resistance and its applied
strain. Electromechanical measurements were carried out by applying a constant
pressure p0, measuring the pressure p and concurrently measuring the I/V cha-
racteristic of the metal strain gauge in a 4-probe configuration (application of
current I and measurement of voltage V across the metal lines). For this type
of measurements we do not directly measure the deflection w and the strain ǫ

of the membrane but we can calculate their values by knowing only the applied
differential pressure p and by using the results given by the mechanical measu-
rements. The pressure-deflection dependency is found by fitting the measured
data with the model for large deflection of a membrane. The fit is applied as
follows:

p = aw + cw3. (A.11)

From the mechanical measurement we know the fitting parameters a, c and the
standard deviations σa,σc of the model for large deflection of a membrane. By
computing the inverse of Eq. A.11 and applying error propagation we can esti-
mate the deflection w for a given measured pressure p and subsequently calcu-
late the error of the deflection due to the standard deviation of the model fitting
parameters σwMOD:

σwMOD =

√

(

∂w

∂p
σp

)2
+

(

∂w

∂c
σc

)2
+

(

∂w

∂a
σa

)2
(A.12)

In addition to the error σwMOD we have to add the error from reading of the de-
flection value σwiR and from the Zygo WLI σwiZ. The total error for the deflection
σw is then given by

σwEM =
√

σ2
wMOD + σ2

wMech. (A.13)
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The error of the line strain is calculated by the same method as explained in Eq.
A.7 but using σwEM instead of σwMech.

For the analysis of the gauge factor (GF) we use the error analysis of the me-
chanical measurements combined with the one of the electrical measurements.
The GF is expressed by the following equation:

GF =

R−R0
R0

ǫ
, (A.14)

where R0 = Rtrace(ǫ=0)+Rretrace(ǫ=0)
2 , we need to estimate the error of the relative

change in resistance (δ
[

R−R0
R0

]

= δ
[

∆R
R0

]

). It is again found by means of error
propagation as follows:

δ

[

∆R

R0

]

=

√

√

√

√

[

−
(

∆R

R2
0
− 1

R0

)

σR0

]2

+

[

1
R0

σR

]2
, (A.15)

where σR0 is the standard deviation of the purely electrical determined resistance
without differential pressure p.
The error of the GF due to error propagation of the instrumental errors and of the
line strain error is given by:

σGF f =

√

√

√

√

(

1
ǫ
· δ

[

∆R

R0

])2
+

(

−
∆R
R0

ǫ2 · σǫ

)

. (A.16)

All data tuple (ǫ, ∆R
R0

) are expected to be in a linear relationship for the gold thin
film lines. We therefore apply a linear regression ( ∆R

R0
= GF · ǫ) with a mean value

of GF and a standard deviation σGFm.
Finally we find the total error of the GF σGF given by:

σGF =
√

σ2
GFm + σ2

GF f . (A.17)

Figure A.3 shows the result of the applied pressure p versus the measured resis-
tance R, whereas in Fig. A.4 we show the calculated strain ǫ versus the relative
change in resistance. From the linear fit in Fig. A.4 we can extract σGFm. The GF
of the thin metal film is thus GF = 0.797± 0.08.
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Figure A.3: Plot of the pressure-resistance dependency of the thin metal gold lines. The
pressure p in [Pa] is on the x-axis and the resistance R in [Ω] on the y-axis. σp is the
value of error bars in x-direction and σR in y-direction, respectively.
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Figure A.4: Plot of the strain to the relative change of the resistance of the thin film gold
metal lines. The calculated strain ǫ in [%] is on the x-axis and the relative change in

resistance R−R0
R0

on the y-axis. σǫ is the value of error bars in x-direction and δ
[

∆R
R0

]

in

y-direction, respectively.
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