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We are stuck with technology, when what we really want is stuff that works.

Douglas Adams
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Abstract
The structure of carbon nanotubes endows them with impressive properties such as high
mechanical strength, electron mobility and thermal conductivity. In single-walled nanotubes, atoms that contribute to the electronic transport are all at the surface, due to which
they exhibit high sensitivity to gases. In particular, their sensitivity to NO2 is well-known.
NO2 is a toxic pollutant and there is strong motivation to monitor NO2 levels in the atmosphere for air-quality monitoring, pollution control and medical applications. For mobile
and remote applications with tight constraints on power and durability, prevalent sensor
technologies are inadequate as they are unable to meet the requirements on power, shelf
life, size and sensitivity simultaneously. Gas sensors using carbon nanotubes show great
potential in this regard. Nonetheless, there are several challenges which must be overcome
for their potential to be realized.
One key technological challenge is large-scale fabrication. In this thesis, a scalable process flow for fabricating SWNT transistors is developed on 100 mm wafers. With the goal
of establishing a robust and reliable process, a Process Control Monitor (PCM) framework
is designed and implemented to collect statistics on the properties of nanotubes obtained
from the growth step. Length and density distributions of the nanotubes grown on the
wafers are estimated using length and density monitors, and their validity is verified independently. The working principle of the length and density monitors relies purely on
connectivity (nanotube bridging or not), which makes the framework robust to large resistance variation.
To collect statistics on device parameters such as ON-resistance, threshold voltage, hysteresis width and ON/OFF ratio, device monitors are designed by adjusting the electrode
gaps to maximize the yield of single-tube devices. On 100 mm wafers, a total of 4463
devices are fabricated with a 29% yield of n-type transistors. The median ON-resistance
is found to be 122 kΩ . The threshold voltage show a narrow distribution, with a median
value of -0.8 V and nearly 75% of the devices within 10% of the gate sweep range.
The device monitors are also used as gas sensor arrays with an additional processing
step to enable analyte access to the nanotube. The contact-passivated devices are shown to
react to NO2 through a shift of the transfer characteristics and recovery is achieved using
a miniaturized heater. However, the devices suffer from substantial flicker noise and drift
due to charging from the surrounding substrate which impedes their use in gas sensing.
In order to understand the effect of eliminating the substrate, suspended devices using
a dry-transfer approach are investigated. The NO2 response of these devices indicates that
charge noise and long-term current drift is largely absent, leading to a 9X improvement of
the sensor signal-to-noise ratio.
Self-heating for achieving low-power recovery after NO2 exposure is studied on suspended, contact-passivated devices. Device recovery from NO2 exposure in dry air is
achieved within 10 minutes at a power of 2.9 µW, which is the lowest reported power for
NO2 sensor operation including recovery.
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Abstract
Using the large-scale integration process designed in this thesis in combination with a
suspended nanotube sensor architecture, an ultra-low power, highly sensitive and scalable
platform for fabricating nanotube sensor arrays is envisioned.
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Zusammenfassung
Die besondere Struktur von Kohlenstoff-Nanoröhren verleiht ihnen beeindruckende Eigenschaften, wie hohe mechanische Festigkeit, hohe Elektronenmobilität und hohe thermische Leitfähigkeit. Bei einwandigen Nanoröhren befinden sich alle Atome, welche zum
elektronischen Transport beitragen, an der Oberfläche. Daraus resultiert eine hohe Sensitivität gegenüber Gasmolekülen.
Insbesondere die Empfindlichkeit von Kohlenstoff-Nanoröhren gegenüber NO2 ist bekannt. NO2 ist ein giftiger Schadstoff. Daher ist es von grossem Interesse, die Konzentration von NO2 in der Atmosphäre zu überwachen, z.B. für Luftqualitätskontrolle, Umweltschutz und medizinische Anwendungen. Für mobile und kabellose Anwendungen
mit strengen Einschränkungen bezüglich Leistung und Strapazierfähigkeit sind bisherige
Sensortechnologien unzureichend, da sie die Anforderungen an Energieverbrauch, Lebensdauer, Grösse und Sensitivität nicht gleichzeitig erfüllen. Gassensoren mit KohlenstoffNanoröhren weisen in dieser Hinsicht ein grosses Potenzial auf. Dennoch gibt es mehrere
Hürden zu überwinden, um dieses nutzen zu können.
Eine wichtige technologische Herausforderung ist die Massenfertigung der Sensoren.
In dieser Arbeit wird ein skalierbarer Prozessablauf für die Herstellung von NanoröhrenTransistoren auf 100-mm-Siliziumscheiben entwickelt. Mit dem Ziel, ein robustes und
zuverlässiges Verfahren zu entwickeln, wird eine Prozessüberwachungseinheit, Process
Control Monitor (PCM), konzipiert und umgesetzt, um Statistiken über die Eigenschaften
von Nanoröhrchen nach deren Synthese zu erstellen. Längen- und Dichteverteilungen
der Nanoröhren auf den Wafern werden mit Länge- und Flächendichtekontrollstrukturen
geschätzt. Die gemessen Verteilungen werden durch AFM-Messungen experimentell bestätigt. Das Arbeitsprinzip der Länge- und Dichtekontrollstrukturen beruht rein auf elektrischer Konnektivität (Nanotube verbindet Kontakte oder nicht). Dies macht das Konzept
robust gegen grosse Widerstandsvariationen.
Um Bauteilparameter wie ON-Widerstand (Durchlasswiderstand), Schwellenspannung,
Hysteresebreite und ON/OFF-Verhältnis statistisch zu erfassen, sind die Elektrodenabstände der Prozesskontrollstrukturen so ausgelegt, dass die Ausbeute an Einrohr-Transistoren
maximiert werden kann. Auf einem 100-mm-Wafer werden insgesamt 4463 Transistoren
hergestellt mit einer Ausbeute an n-Typ-Transistoren von 29%. Der Medianwert des ONWiderstands beträgt 122 kΩ. Die Schwellenspannung weist eine enge Verteilung auf, mit
einem Medianwert von -0,8 V und fast 75% der Transistoren innerhalb von 10% des Steuerspannungsbereichs.
Die Transistoren werden auch als Gassensoren verwendet, wozu ein zusätzlicher Prozesssschritt notwendig ist, um den Analyten Zugang zu der Nanoröhre zu gewähren. Die
kontaktpassivierten Sensoren reagieren auf NO2 durch eine Verschiebung der Schwellenspannung. Die Zurücksetzung des Sensors (Desorption des Analyten) wird durch ein
miniaturisiertes Heizelement erreicht. Allerdings leiden die Sensoren aufgrund der Aufladung des umgebenden Substrats unter erheblichem Funkelrauschen und Drift, welche
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Zusammenfassung
ihren Einsatz für Gasmessungen erschweren. Um den Einfluss einer Entfernung des Substrats zu verstehen, werden Sensoren basierend auf freihängenden Nanoröhren mittels
eines trockenen Transfer-Verfahrens hergestellt und untersucht. Die Reaktion auf NO2
dieser Sensoren zeigt, dass Ladungsrauschen und langfristiger Stromdrift weitgehend ausbleiben, was zu einer 9-fachen Verbesserung des Signal- -Rausch-Abstands (SNR) führt.
Die Eigenerwärmung für die Zurücksetzung nach NO2 -Exposition wird für freihängende, kontaktpassivierte Sensoren untersucht. Eine Erholung in trockener Luft wird
innerhalb von 10 Minuten bei einer Leistung von nur 2,9 µW erreicht. Somit wird der
bisher niedrigste Leistungsbedarf für den Betrieb eines NO2 -Sensors erzielt.
Durch den vorgestellten massenfertigungstauglichen Integrationsprozess in Kombination mit der freihängenden Sensorarchitektur, wird eine Platform greifbar für die Massenfabrikation von hochempfindlichen Nanoröhrchen-Sensorarrays mit ultrakleinem Leistungsbedarf.
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1 Introduction
Sensing is the process of converting one form of energy to another form (often electrical
signals) that can be recorded and analyzed. The human body has sensors for various
inputs such as the eye for electromagnetic radiation, the ear for acoustic vibrations, the
skin for pressure and temperature and the nose for gases and vapors. The sensory organs
are the primary tools through which our body gathers information from external stimuli
and decides on a corresponding course of action.
The performance of an organism’s sensory organs is crucial to its survival and sustainability in the wild. Several million years of evolution has made our sensory organs highly
sophisticated, resilient and power efficient. For example, the retina consumes about 3.4
mW [1], while a typical image sensor with a similar performance consumes almost 10
times as much [2]. The ear, a marvel of natural nanotechnology, consumes as low as 14
µW to convert sound into electrical signals. The nose is capable of distinguishing complex
odors at room temperature, with rapid recovery when the odor is removed. In addition,
the brain’s sophisticated pattern recognition capabilities dramatically enhance the useful
information obtained from these signals. A dog’s nose is the gold standard in detecting
explosive vapors, being able to pick out sub-ppb concentrations [3, 4] of the relevant vapor
from a background of several gases. Artificial olfaction [5] is a highly active research area
which aims to use methods such as pattern recognition and neural networks to achieve
such performance with chemical sensor arrays, but the selectivity is still limited to a few
gases.
The human body is nonetheless constrained by the range, sensitivity and resolution of
the sensory organs. Some of the great human achievements have enabled us to expand the
range of the physical quantities that can be experienced beyond our normal ability. Advances in Physics, Material Science and Electronics continue to be the engines of this progress. In some ways, chemical sensors are better than their natural counterparts– particularly for detecting chemicals to which the human nose is insensitive. Gases such as NO2
are not easily detected by the nose at low concentrations. NO2 is a toxic gas and a prominent air pollutant [6], which in concentrations above 50 ppm can cause severe pulmonary
damage and under chronic exposure of 10-25 ppm, causes irritation of the eyes and respiratory tract, reduced lung capacity and breathing difficulties [7]. NO2 is created by a large
range of combustion processes, including industrial and vehicular emissions, cigarette
smoke and certain chemical reactions. The main risk with NO2 is prolonged exposure to
harmful doses without the subject’s knowledge [7] in occupational environments. Therefore, detecting NO2 in the sub-ppm regime is an important task for air quality monitoring,
breath analysis and emission control systems. Semiconducting metal-oxide (conductometric) sensors [8] are the current industry standard, but they suffer from poor selectivity,
short shelf-life and high power consumption. Electrochemical amperometric sensors are
better with respect to power consumption, but are bulky and have short lifetimes. As a
result, their application in mobile sensing platforms [9, 10], point-of-care devices, sensor
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network nodes and other power-sensitive or low-maintenance areas becomes difficult [11].
We can gauge the issue of power consumption in terms of how ubiquitous chemical
sensors are around us. Mobile phones, for instance, contain several sensors to measure
physical quantities, but sensors to measure air quality or alcohol vapors are generally
not present in them. The size of the sensor as well as its power consumption are highly
constrained in this application and none of the sensors on the market can currently fulfill
all the requirements [9]. Reducing the power consumption of chemical sensors therefore
has the potential to trigger their deployment in consumer electronics and other mobile
platforms.

1.1 Single-walled nanotubes for chemical sensing
The discovery of new materials often spawns entirely new possibilities, pushing the limits of the accepted boundaries of material properties within which engineers operate. The
identification of carbon nanotubes (CNTs) [12] and later, single-walled nanotubes (SWNTs)
[13] by Iijima is an excellent instance of this phenomenon. There had been several reports
in literature earlier than Iijima about carbon nanotubes [14–16], but it was his discovery
that spurred an unprecedented explosion of interest in nanotube research. Since then,
several impressive properties of carbon nanotubes have been cataloged in thousands of
research articles [17–19], hinting at the promise that carbon nanotubes hold for the future
of technology [20]. Nanotubes exhibit superlative mechanical strength, electrical conductivity as well as high surface-to-volume ratio, enabling a host of possibilities ranging from
vias and interconnects for chips [21] to high-strength, light-weight composites for buildings [22].
First reports of the sensitivity of carbon nanotube electrical characteristics to adsorbed
gases were reported by Kong et al. [23] in 2000. They showed that polar molecules such
as NO2 and NH3 caused a large shift of the threshold voltage in carbon nanotube fieldeffect transistors (CNFETs). SWNTs possess several properties that make them attractive
candidates for gas sensors:
• High surface-volume ratio: Carbon nanotubes have all their atoms on the surface,
endowing them with the highest surface-to-volume ratio possible. As a result, almost
all the carbon atoms in the nanotube can interact with the analyte gas.
• Surface-sensitive electron transport: The delocalized π clouds that govern charge
transport in nanotubes are at the surface. Adsorbing species and electrostatic charges
close to the nanotube can therefore directly influence charge transport.
• Structural stability: C – C bonds are very strong (∼ 5.3 eV per bond in benzene). Thus,
the nanotube is very stable to repeated temperature cycling and chemical exposure.
• Chemical reactivity: The strongly bound C-atoms in the nanotube also make it largely
inert to covalent interactions with other gases under normal conditions. This means
that at room temperature, most gas species interact weakly with the nanotube surface instead of forming covalent bonds. This is desirable in a chemical sensor, as
strong covalent bonds cannot be easily reversed and lead to permanent changes in
the sensor response. Adsorption on the nanotube can nevertheless lead to a sensor
signal, depending on the interaction between the nanotube and the analyte.
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1.2 Challenges in SWNT-based gas sensing
• Selectivity: An unfunctionalized nanotube chemical sensor inherits the selectivity that
originates from the surface chemistry of the nanotube. For example, a single, clean
nanotube does not produce an electrical signal upon interaction with N2 , CO2 , CO
and H2 (possibly also O2 , but this is still debated). Water is also not known to strongly
interact with a clean nanotube [24] (although there is evidence that the hysteresis in
the nanotube may be enhanced in the presence of humidity [25], particularly if the
nanotube is subject to processing). Nonetheless, selectivity may be enhanced by functionalization or other thermal cycling techniques [26] depending on the application
under consideration.

1.2 Challenges in SWNT-based gas sensing
Despite a decade of research into carbon nanotube gas sensors, the path to effective application and commercialization is still fraught with several difficulties of which the important
ones are listed below.
• CNT growth: Carbon nanotube growth has progressed significantly over the last few
years [27], but it is still a challenge to obtain nanotubes of a defined type at a specified
location with a pre-defined length.
• Power consumption: Although room-temperature sensitivity to NO2 has been demonstrated with carbon nanotubes, the recovery times are unacceptably large at ambient
conditions, due to which additional energy sources (e.g. UV, heaters) are necessary.
This negates a key advantage of nanotube gas sensors. An effective technique to
achieve low-power recovery is needed.
• Scalable fabrication: Integration of one or few tubes into sensors is challenging [28]
(this is connected to the problem of SWNT growth), due to which low-power sensors
cannot be fabricated on a large scale with high yield 1 .
• Baseline stability: Carbon nanotubes are known to exhibit substantial gate hysteresis
and drift that originates from their extreme sensitivity to the surrounding electrostatic environment [25]. Furthermore, they suffer from low-frequency noise that is enhanced due to the presence of charge noise originating from the fluctuating charges
in the vicinity [30]. As a result, maintaining a stable baseline over extended operating periods in the presence of oxides and humidity is a significant challenge. There
has been progress in suppressing hysteresis using gate drive techniques [31, 32] and
ultra-thin gate dielectrics [33], as well as eliminating it completely using ultraclean
suspended nanotubes [34]. The application of such methods to gas sensing however
remains unexplored.

1.3 Goals of this thesis
The main goals of this thesis are summarized below.
• Development of a large-scale SWNT integration process that can be implemented on
100 mm wafers.
1

Although carbon nanotube sensors based on mats and forests are easier to fabricate on large scale [29], these
devices tend to consume higher power due to a larger number of channels, and cannot be recovered at low power
due to the requirement for heating large areas.
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• Achieving a moderate yield of functional devices in the presence of wide distributions in SWNT length, density and orientation.
• Development of Process Control Monitors (PCMs) to quantify the variations in SWNT
growth and demonstrate their capability in detecting process perturbations.
• Investigate the performance of the fabricated devices as NO2 sensors.
• Compare the noise, drift and signal-to-noise ratio of substrate-bound devices with
suspended, ultraclean devices as a step towards developing a better sensor architecture.
• Investigate the feasibility of low-power recovery in SWNT NO2 sensors.

1.4 Organization of the thesis
The thesis is organized into 5 chapters:
Chapter 2 introduces the basic principles of SWNT-based devices and gas sensors. The
electronic transport through the carbon nanotube field effect transistors is discussed qualitatively in the presence of Schottky barriers for long channels. The current understanding of sensing mechanisms and kinetics is presented. A review of the techniques applied
so far to recover the sensor following NO2 exposure is made and the principle behind
self-heated recovery of nanotubes is discussed. State-of-the-art in each of these areas is
presented where necessary.
Chapter 3 deals with the integration of individual single-walled carbon nanotubes on
a large scale. After briefly discussing the possible approaches to SWNT integration, the
approach utilized in this thesis is presented. The motivation for process monitoring is
explained, following which the design of PCMs is discussed. The results of fabrication,
measurement and analysis of PCMs is first presented for small chips, and the effects of
process variation is discussed. Finally, the devices are fabricated and tested on 100 mm
wafers.
Chapter 4 discusses the application of the devices obtained from the large scale fabrication process to obtain arrays of NO2 sensors. The performance of these sensors regarding
their sensitivity, baseline drift, signal-to-noise ratio (SNR) and recovery are analyzed. Selfheating in substrate-bound devices is measured using Raman spectroscopy. Based on the
conclusions drawn from this discussion, suspended gas sensors are studied, and their performance with respect to drift, noise and SNR is compared to the substrate-bound devices.
Finally, the feasibility of recovering the sensors from NO2 exposure at low power using
self-heating is demonstrated.
In the final chapter (chapter 5), conclusions are made and the future directions of research are discussed. A process concept for combining the advantages of large-scale integration and suspended devices to obtain low-power, self-heated gas sensor arrays is
presented.
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The aim of this chapter is to familiarize the reader with the theoretical basis for understanding the sensing behavior of chemical sensors based on SWNT transistors. Ample
literature is available on the physics of electronic properties of carbon nanotubes [35–38],
so instead of repeating these details, the chapter aims to focus more specifically on the topics that are necessary to gain a comprehensive understanding of the CNFET gas sensors
under study. This chapter draws from the information presented in [38–44].
The structure of this chapter is as follows: In the first part, after a very brief introduction to the band structure of nanotubes (section 2.1.1), the electronic transport through a
CNFET is discussed in more detail (sections 2.1.2,2.1.3,2.1.4). A short discussion on nonidealities in these devices such as hysteresis and noise (section 2.1.5), are discussed. The
second part deals with sensing mechanisms prevalent in gas sensors (section 2.2), sensor
kinetics (section 2.2.2) and sensor recovery methods (section 2.2.5) reported so far. The
concept of self-heating for low-power recovery is then explained in section 2.2.6. The
chapter concludes with a state-of-the-art summary of other competing low power technologies in section 2.2.7.

2.1 SWNT field-effect transistors
A field-effect transistor (FET) is formed when the current through a channel connecting
two reservoirs (source and drain) can be controlled by an electric field from a third electrode (gate). An FET that uses a carbon nanotube as the channel is called a carbon nanotube field-effect transistor (CNFET). In this thesis, the emphasis is on CNFETs for sensing
applications, where the requirements may partly conflict with logic applications. For logic, transistors are typically optimized for switching speed, current-carrying capacity and
low-voltage operation, and integration processes are strongly driven towards high device
density. As a result, CNFETs for logic are top-gated with a thin high-κ gate dielectric for
low sub-threshold swing and a short channel for high current capacity and integration
density. For chemical sensing, short channels reduce the area available for interaction
with the analyte, which may be undesirable. In order to increase the interaction with the
analyte, long channels are often employed. Furthermore, nanotube channels must be exposed to the analyte, due to which a top gate is often not suitable. Instead, back-gated
structures are most commonly used. Nevertheless, there are common problems that both
application areas have to address, such as threshold voltage, current variation, hysteresis
and low-frequency noise.
The discussion in this section is confined to the behavior of diffusive, long-channel carbon
nanotube field-effect transistors (CNFETs) at room temperature 1 . The primary aim is to
acquaint the reader with the specifics of electronic transport in nanotubes, based on which
the behavior for gas sensing can be developed.
1

At low temperature or short channel lengths, nanotubes exhibit ballistic transport, which can lead to remarkably
different device properties due to long electron mean free paths and the absence of thermal activation. A good
discussion on this is found in [36, 45].
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Figure 2.1: Creating a nanotube by rolling a sheet of graphene.
The orientation of the rolling is determined with respect to
the primary lattice vectors of graphene, a~1 , a~2 by the integers
~h is the circumference
n and m. The magnitude of the vector C
of the nanotube. The chiral angle is given by θ.

Table 2.1: SWNT properties
as defined by the chirality
(n, m). γ0 is the hopping
integral and ac−c is the
C–C bond length in
graphene.

Property
Diameter d

Ch = n.a1 + m.a2

a1 Ch

a2

Relation to (n,m)
√
0.783 m2 + n2 + mnÅ
√

Chiral angle θ

Band Gap Eg

tan−1 [ (m+3m
]
2n)


0, 2
Eg ≈ 3γ0 a2c−c .cos(3θ )

 4d
0.7/d eV

if armchair
if sgs
otherwise

2.1.1 Structural and electronic properties

A SWNT is a rolled-up tube of graphene, which is itself a one-atom-thick sheet of carbon
atoms arranged in a honey-comb lattice [35]. How the sheet is rolled up is defined by
the term chirality, which can be represented by a pair of integers (n, m) that uniquely
determine the properties of the nanotube (see figure 2.1). Table 2.1 describes the nanotube
properties as a function of n and m [37]. The chiral angle θ of the nanotube can vary
between 0◦ and 30◦ . Nanotubes with θ = 0◦ are known as zigzag tubes, θ = 30◦ as armchair
tubes and 0◦ < θ < 30◦ as chiral tubes.
For most semiconducting SWNTs, the band gap lies between 0.2 and 0.9 eV. The relation
for the band gap ignores the effect of nanotube curvature. The consequence of nanotube
curvature is the distortion of the π orbitals compared to the flat graphene sheet, which creates a small band gap (∼ meV) in nanotubes with (n − m) ≡ 0(mod 3) (except in armchair
nanotubes). These nanotubes are also called small-gap semiconducting (sgs) nanotubes.
Carriers at room temperature possess sufficient energy to overcome the small band gap
in most sgs nanotubes, due to which they are also called quasi-metallic nanotubes. Only
ideal armchair nanotubes are truly metallic at all temperatures, but in reality the presence
of defects or surface interactions can create a band gap also in these nanotubes.
2.1.2 The nanotube-metal contact

As with any semiconductor, SWNTs must be contacted by electrodes in order to be used
as a device. When the nanotube is contacted by a metal, a Schottky Barrier (SB) is usually
formed. However, the nature of this SB is different from conventional 3-D semiconduct-
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ors. In planar semiconductors where a 2-D interface forms between the metal and semiconductor, metal-induced gap states (MIGS) form, leading to the phenomenon known as
Fermi-level pinning. The consequence of this pinning is that the properties of the SB are not
related to the work function of the contact metal and the semiconductor. However, in a
carbon nanotube-metal junction, a 0-D interface is formed instead, which strongly limits
the effect of pinning from interface states [46]. Consequently, the nanotube-metal SB is
sensitive to the work function of the metal.
Consider the situation when a metal with a work function Φm is contacting a nanotube
with an electron affinity χ and band gap Eg (figure 2.2). In thermal equilibrium, the Fermi
levels are aligned. For Φm = χ + Eg /2, i.e., the metal Fermi level aligned to the mid-gap
energy of the nanotube, SBs of equal height are formed for both holes and electrons. In this
scenario, the nanotube is ambipolar, i.e., both electrons and holes have equal transmission
through the contacts. In other cases, the SB may be smaller for either holes or electrons,
leading to favorable hole (p-type) or electron (n-type) transmission through the contacts.
In all cases, the sum of the electron and hole SB height is equal to Eg . For the extreme
cases when Φm > χ + Eg , no SB (or negative SB) for holes exists, leading to an ohmic
contact for holes. In this case, a large SB forms for electrons, and electron conduction
is only possible via band-to-band tunneling. Similarly, for Φm < χ, ohmic contacts are
formed for electrons (with large SBs for holes). For nanotubes with diameter >1.4 nm
(Eg ≈ 0.5 eV, χ ≈ 4.5 eV), it is known that Pd (Φm ≈ 5.1 eV) forms ohmic p-type contacts.
On the other hand, Sc (Φm ≈ 3.3 eV) or Al (Φm ≈ 4.2 eV) forms ohmic n-type contacts
to the nanotube. Therefore, with an undoped channel, it is possible to tune the type of
CNFET from n-type to ambipolar to p-type simply by varying the contact metal.
As a first approximation, we can qualitatively predict the height of the SB as φSB 0 =
|Φm − (χ + Eg )|. A more precise estimate of the SB height was given by Léonard and
Talin [47] who derive the following expression:


p
α Eg /2kT
kT 

q
φSB =
ln
(2.1)
0.7
ln α ( E /2kT ) − φ /kT
g

where


α=

0.2023e2
adγC

SB0



Here a is the C–C bond length, d is the nanotube diameter, γ is the tight binding overlap
integral (≈2.5 eV) and C is the metal-nanotube capacitance per unit length. This equation
suggests that the SB height has a weaker dependence on the metal-nanotube work function than predicted directly from the difference of the two quantities. This equation also
establishes the dependence of the SB height on the nanotube diameter. For instance, Pd
forms ohmic contacts for nanotubes with diameters above 1.4 nm [48, 49].
The current through the SB can be conceptually divided into two components: (i) thermionic current and (ii) tunneling current. The thermionic current is temperature-driven; the
broadening of the Fermi-Dirac distribution above 0 K means that some carriers possess an
energy greater than φSB , and can skip over the barrier. For these carriers, the transmission
probability through the barrier is unity. Thus, the thermionic current is dependent only
on φSB , the applied source-drain bias and the temperature T. The tunneling current, on
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m

c) p-type SB
m

CB

EF

 + EG/2 < m <  + EG
SB,E SB,H
<

 < m <  + EG/2
b) n-type SB 
SB,E < SB,H

CB

EF

VB

VB

SB,E
SB,E

a)

SB,H

Vacuum
m

EFM

SB,H


CB
EG
VB

SB,E

SB,E < 

SB,H < 

SB,H

m

CB

m

CB

EF
VB

d) n-type ohmic

m < 
SB,E < 

EF

e) p-type ohmic

VB
m <  + EG
SB,H < 

Figure 2.2: Tuning the type of contact by varying metal work function: a) The situation before forming
the metal-nanotube contact. For these examples, EG and χ are held constant; only Φm is varied.
No potentials are applied. b) When Φm lies between the mid-gap energy and the conduction
band, SBs for electrons are smaller than for holes. This device would exhibit n-type behavior. c)
SBs for holes are smaller than for electrons, when Φm lies closer to the valence band but still in
the gap. d) n-type ohmic contacts are formed when Φm is lower than the electron affinity of the
nanotube χ. The SBs for electrons are zero or negative. A large SB is formed for holes. Indeed, for
this case, hole transport is possible only by band-to-band tunneling. e) Ohmic contacts for holes,
when Φm is greater than the valence band energy.
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the other hand, is determined by a transmission function T through the SB. Transmission T
through a Schottky Barrier as a function of energy E, written as T ( E), is usually approximated using Wentzel-Kramers-Brillouin (WKB) formulation. For a triangular potential, the
WKB transmission function at energy E for the source-side is given by:
1.5
TS ( E) = e[− A·(φSB − E) ]

(2.2)

1.5
TD ( E) = e[− A·(φSB − E−q·Vds ) ]

(2.3)

and for the drain side by:

√

∗

∗
Here, A = 4 3h̄2m
E , where E is the electric field and m is the effective mass. As is clear
from equations 2.2 and 2.3, the tunneling current is determined not only by φSB , but also
by the electric field (which determines the tunneling barrier width).
An important consequence of the SB in CNFETs is that when the SB becomes dominant,
the transistor becomes a Schottky Barrier Field-effect Transistor (SBFET). In other words, the
channel current is limited by transmission through the SB whose width is modulated by
the gate voltage. However, for near-ohmic contacts or CNFETs with small SBs, modulation
of the free carrier density in the nanotube channel is the principal mechanism for gate-bias
driven control of the channel current.
So far, we have assumed no external influence on the metal-nanotube junction. However, there are several external factors that can modify the behavior of the nanotube-metal
junction. For example, it has been shown that oxygen molecules adsorbing near the AuSWNT junction can modify the barriers in favor of hole conduction [50]. This explains the
p-type behavior of most Ti/Au-contacted CNFETs in air, and the CNFETs are known to
reversibly switch behavior from p-type in oxygen to n-type in vacuum [51]. However, this
behavior is strongly dependent on the presence of other co-adsorbates.
In addition to the SB, the metal-nanotube junction can have additional tunneling barriers due to other factors such as impurities, interface traps, metal grain boundaries and
vacuum barriers [40, 52, 53]. In particular, small-diameter nanotubes due to their high
curvature cannot be contacted effectively by the metal grains. Furthermore, typical photoresists used for lithography cannot be cleaned effectively from the nanotube surface before
contact formation. These residues remaining between the contact and the nanotube may
lead to tunneling barriers as well as intermediate states in the gap, which can alter the
transport properties. It has been shown that optimizing the contact lithography process
to improve the nanotube cleanliness can reduce the contact resistance [54–56], as can intercalated graphitic layers [52].

2.1.3 Transport through the SWNT channel

For long nanotubes, carrier scattering in the channel cannot be ignored. It is known that
at room temperature, nanotubes > 1 µm long do not typically exhibit ballistic transport,
but enter a quasi-ballistic or diffusive regime [57]. For a ballistic channel (nanotube length
L << mean free path le ), transmission through the channel is 1. In other words, there
is no loss of energy or scattering of the electrons during their passage through the channel. In the quasi-ballistic case (L ≈ le ), electrons are scattered at a few sites while moving
through the channel. Defects in the nanotube wall such as Stone-Wales defects, pentagonheptagon pairs or missing C-atoms can create scattering sites. Furthermore, local potential
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Figure 2.3: Effect of bulk doping on the nanotube bands. a) An undoped nanotube with a small
Schottky barrier for electrons and a large Schottky barrier for electrons (from figure 2.2b). The
charge neutrality level in the nanotube bulk is the mid-gap energy. b) An n-doped nanotube
channel. The contact region is assumed to be unaffected. The result is a shift of the bands closer
to the conduction band. This has the same effect as applying positive voltage on the gate.

variations due to the underlying oxide or traps create a fluctuating potential along the nanotube channel, leading to scattering. In this case, each scatterer is typically modeled with
its own transmission probability and the total transmission is obtained by an incoherent
combination of these transmission functions. For long nanotubes (L >> le ), transport
through the channel is diffusive. Especially at room temperature, electron-phonon scattering also becomes relevant. Acoustic phonon scattering is known to occur in nanotubes at
low source-drain bias at room temperature. Optical phonon scattering becomes dominant
at high bias, when the electrons have sufficient energy to interact with the optical phonon
energy levels. In suspended nanotubes, optical phonon scattering leads to a current saturation and negative differential conductance at low current level (more on it later). In
substrate-bound tubes, phonon relaxation paths are available through the substrate, which
can reduce the severity of this interaction and increase the current capacity to ∼ 25 µA.
In intrinsic semiconductors, the Fermi level lies in the gap and is taken to be the midgap energy by convention. Doping a semiconductor shifts its charge neutrality level closer
to one of the band edges. In conventional semiconductors, doping refers to the process
of substituting the native atoms in the crystal lattice with impurity atoms. For a nanotube, substituting carbon atoms in the honeycomb can have drastic effects on its properties. Doping is instead achieved through charge transfer between the nanotube and the
adsorbing species at the surface. This charge transfer may originate from chemisorptive
interactions leading to electron-sharing, or in some cases, even weak interactions such as
physisorption. For example, potassium atoms are known to n-dope the transistor [51, 58].
This corresponds to an increased carrier density in the channel, as electrons or holes are
transferred from the dopants to the nanotube. This means that the charge neutrality level
shifts closer to either the valence or conduction band (see figure 2.3).
When doping is limited to the nanotube bulk, it has the effect of rigidly shifting the
nanotube transfer characteristics. For all practical purposes, this shift can be compensated
by shifting the gate sweep range by a magnitude proportional to the shift of the charge
neutrality level. However, when doping is effective throughout the channel including the
contact regions, the SB height and width can also be changed [51, 59]. As a result, the
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carrier injection at the contacts can also be enhanced by doping the contact regions.
2.1.4 CNFET characteristics

Two types of measurements typically characterize a transistor: Output characteristics (drain
current vs. source-drain bias) and Transfer characteristics (drain current vs. gate voltage).
Following the discussion in the previous sections, we can sketch the characteristics for
a diffusive CNFET with ohmic or Schottky contacts. An undoped nanotube with equal
hole and electron Schottky barriers would be ambipolar, with equal currents for n- and pbranches of the transfer characteristics. If the metal work function is not aligned to the midgap energy, the resulting unequal Schottky barriers can cause the transistor to conduct
either holes or electrons more favorably. This results in either n- or p- type characteristics
as shown in figure 2.4. On the other hand, a doping of the channel through electrondonating or electron-accepting species shifts the charge neutrality level from the mid-gap
closer to one of the bands. This effectively shifts the gate voltage at which the transistor
turns on, leading to a rigid shift of the transfer characteristics (figure 2.5)
2.1.5 Non-idealities in CNFETs

The extreme sensitivity of nanotube electronic properties to the surrounding environment
is an advantage for chemical sensing. However, this also implies that SWNTs are sensitive
to other environmental influences that are not necessarily desirable for device operation.
These non-idealities observed in real devices, as well as possibilities to avoid them, are
discussed next.
Gate Hysteresis

In many initial studies of CNFETs, SWNTs were deposited on dielectric substrates and the
channels were often open to the atmosphere. Most of them also reported the phenomenon
of gate hysteresis: in measuring a transfer characteristic when the gate voltage was swept
back and forth, the drain current measured in the forward and reverse sweeps did not coincide, but rather exhibited a hysteresis loop. This means that depending on the electrical
history of the device, the measured current at specified bias conditions can vary. This is a
problem for CNFETs and in particular for gas sensors, where this may lead to difficulties
in sensor readout. Therefore, it is essential that this issue is addressed and if possible,
avoided altogether.
It is well-known that thin film dielectrics are not ideal. They are mostly amorphous
or polycrystalline and often have unsaturated bonds at interfaces and impurities in the
film bulk. In the presence of electric fields, electrons or holes can be emitted and trapped
in these sites, known as charge traps. Even high quality CMOS gate oxides can contain
up to 1011 traps per cm2 at the interface [60, 61]. Other sources of traps may also exist
at interfaces, such as photoresist and processing residues which cannot be removed completely. Furthermore, polar molecules such as water can adsorb on the substrate, creating
additional charge trapping sites. When charges accumulate in these traps, they create a
counter-potential to the applied gate voltage and screen the gating potential experienced
by the nanotube. This results in an apparent shift of the transfer characteristic along the
gate-voltage axis between the forward and reverse sweeps.
Specifically for SWNTs, there are two factors which exacerbate the effect of charge traps
on electronic transport:
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Transfer characteristics
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n
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p
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a) equal schottky barriers

b) unequal schottky barriers

Figure 2.4: Effect of varying the carrier injection barrier on the characteristics of a CNFET. a) A CNFET
with equal Schottky barriers for electrons and holes has symmetric p– and n– branches. Such a
CNFET is considered ambipolar. The effect is also symmetric for the output characteristics, where
the currents in the p– and n– branches are equal in magnitude. Also note the effect of the Schottky barrier in the output characteristics, which suppresses the current at low Vds . b) CNFET
with electron injection barrier lower than the hole injection barrier. This suppresses the p-branch
current and enhances the n-branch. In the extreme case, the hole barrier can be so large that the
p-branch is completely suppressed, creating a purely n-type transistor. This presence of Schottky
barriers distinguishes CNFETs from their Si counterparts.
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Figure 2.5: Effect of doping on nanotube transfer characteristics. a) Transfer characteristics of a CNFET with an undoped nanotube with a small Schottky barrier for electrons and a large Schottky
barrier for holes. b) When the nanotube is n-doped, the n-branch conduction begins earlier. There
is a shift in the threshold voltage.

• Due to the 1-D nature of the electron transport, even a few charges (which create local
Coulomb potentials) trapped near the nanotube can drastically alter the potential
along the channel. This effect is stronger for ballistic channels, but cannot be ignored
even for diffusive channels.
• The tiny radius of curvature of the nanotube drastically enhances the electric field
(from the applied gate voltage) near the nanotube surface. As a result, field emission
from the nanotube can occur at a low potential 1 .
Robert-Peillard and Rotkin [43] proposed a model for hysteresis in CNFETs using a simplified cylindrical gate geometry and assuming that the charge trapping occurs due to
field emission that follows Fowler-Nordheim tunneling. Their model qualitatively reproduces the basic features of the hysteresis loop observed in CNFETs. However, this model
does not account for both electron and hole trapping, diffusion of charges after trapping
and non-parallel hysteresis loops. Further discussion of the model can be found in [62].
The Fowler-Nordheim tunneling mechanism for charge trapping has a highly non-linear
field dependence [43]. The actual magnitude of hysteresis in a CNFET is dependent on the
electric field, the number of charge traps, as well as the voltage sweep rate. This also suggests several methods to overcome the problem of hysteresis:
• One method of reducing charge trapping is to reduce the duration for which the
gate voltage is applied. This reduces the time during which charges can accumulate
in the traps, due to which the magnitude of screening and therefore the hysteresis
can be reduced. Pulsing the gate voltage [31, 63] is effective as it also allows time
to discharge the traps between measurements. A more effective alternative, using
pulsed sweeps of alternating polarity was reported by Mattmann et al. [64]. Applying
a gate voltage pulse of equal magnitude and opposite polarity immediately after each
gate voltage pulse actively detraps the charges trapped in the first pulse, leading to
a near-complete suppression of hysteresis.
1

On the other hand, this effect is exploited for making high-current field-emission cathodes for X-ray sources and
electron sources.
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• Engineering the gate dielectric can improve the hysteresis behavior by reducing the
number of trap sites. Procedures such as annealing in different gas atmospheres,
surface cleaning methods and protective layers during processing can help reduce
the number of trapping sites in the vicinity of the SWNT. The choice of deposition
technique, dielectric material and thickness all affect the charge trap density. Use
of ultra-thin dielectrics and hydrophobic passivation layers [65, 66] has also been
shown to reduce the hysteresis even further.
• Suspending the nanotube can completely eliminate the need for dielectrics. Methods for fabricating suspended CNFETs while completely avoiding liquid-phase processing can be employed. This maintains the clean surface of the nanotube while
eliminating dielectrics around the nanotube. Without the availability of trapping
sites, hysteresis is completely eliminated.
Recently, further developments using the Shockley-Reed-Hall framework [66, 67] have
been made to describe charge trapping phenomena in carbon nanotube transistors. Hysteresis can also be used as an advantage for fabricating devices such as non-volatile memories
[68, 69] using carbon nanotubes.
Noise in carbon nanotubes

All real-world signals are affected by noise. The noise power spectral density in electronic
devices can be frequency dependent or independent. Several sources and mechanisms
of both types of noise in electronic devices have been studied. Some of the sources of
electronic noise are listed here:
• White noise: In all devices, there are several sources of noise that do not depend
on frequency. The term white is used to indicate that the noise is independent of
frequency. Johnson noise originates from the thermal motion of carriers in the channel.
In a diffusive resistor of value R, the Johnson noise power S J is proportional to the
temperature T, and is given by S J = 4k B TR. Another component of white noise
is shot noise that arises from the discrete nature of charge flow through a channel.
For devices with very low currents or very fast operation, shot noise can become
dominant, as only very few carriers participate in charge transport.
• Flicker noise: This is a comprehensive term for several low-frequency noise mechanisms, characterized by a noise power spectral density (S I ) that is inversely proportional to an exponent β of frequency. It can be described as:
SI
A
= β
2
I
f

(2.4)

where A is the noise amplitude and β typically lies between 1 and 2. Although observed routinely in several systems, the sources and mechanisms generating flicker
noise are not always clear. In MOSFETs for instance, mobility and charge carrier fluctuations and Random Telegraph Signal (RTS) noise might all contribute to 1/ f noise
[70].
Flicker noise has been observed routinely in carbon nanotube transistors [71]. It is
well known that 1/ f noise is dependent on the active device area – as device dimensions
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shrink, flicker noise becomes dominant [72, 73]. Individual SWNT channels are 2 nm wide,
and therefore highly susceptible to the effect of flicker noise. Carbon nanotube chemical
sensors typically have time constants (response and recovery times) in the range of several
minutes, due to which they often operate at low frequency (mHz–Hz). 1/ f noise in such
cases becomes the dominant source of noise and reduces the signal-to-noise ratio of the
sensor. Noise at even lower frequencies of nHz to µHz range can further contribute to the
baseline instability, manifesting for instance as drift.
One particular source of flicker noise is RTS noise, also known as popcorn noise. This
noise results in random signal jumps between two or more discrete levels, caused by random trapping and detrapping of charge carriers in oxide and interface defects, which can
affect both the number and mobility of charge carriers. Discrete jumps in current usually
occur due to individual trapping and detrapping events. A superposition of RTS fluctuations with different trapping time constants typically results in a composite 1/ f spectrum
[74]. In CNFETs, giant RTS fluctuations have been previously reported and attributed to
discrete charge trapping events [75].
An empirical model for 1/ f noise in diffusive channels has been previously proposed
by Hooge [76] which states that the noise amplitude A is inversely proportional to the
number of carriers, given according to equation 2.5:
αH
(2.5)
N
In this empirical relation, N is often taken as the number of carriers available for transport, and α N is a system dependent constant typically around 2 × 10−3 .
An alternative hypothesis, called the ‘charge noise’ model, was proposed by Tersoff [30]
for ballistic nanotube transistors. Nevertheless, measurements by T. Helbling et al. [77] and
Männik et al. [78] indicate that it is applicable in quasi-ballistic or diffusive channels as
well. According to this model, ‘charge noise’ is induced by trapping and detrapping of
carriers that creates noise in the effective gate potential. The electrostatic fluctuations near
the contact region influence the width of the SB, modifying the tunneling current through
the barrier. The noise amplitude due to the SB, ASB , is given by equation 2.6:
A=

ASB = γ2 S2g



d ln Id
dVg

2
(2.6)

The term γ is a measure of the quality of the oxide – in other words, the charge trap density. Sg is a parameter related to the geometry of the device that captures the magnitude of
the field fluctuations. Equation 2.6 can be rewritten in terms of the transconductance gm
of the transistor as:
ASB = γ2 S2g



gm
Id

2
(2.7)

The distinction between the Tersoff and Hooge models arises in the sub-threshold and
OFF region of the transistor. In the sub-threshold region, the number of carriers depends
exponentially on gate voltage, as does the channel current. The Hooge model predicts
that the noise in the OFF-state continues to increase exponentially (as N decreases), while
the Tersoff model predicts an approach to a constant value as the device turns OFF. Experi-
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ments have confirmed [77–79] that the charge noise model is more successful at describing
1/ f noise in substrate-bound CNFETs than the Hooge model.
Nevertheless, other mechanisms contributing to 1/ f noise may be present even in the
absence of charge noise. For instance, in a clean, suspended nanotube with no charge traps
in the vicinity, charge noise is unlikely. Other contributions such as number or mobility
fluctuations may be present in long diffusive channels. By adding another parameter αc to
the equation, fluctuations in the channel and other non-charge noise mechanisms can be
included. The total noise amplitude can then be written as in equation 2.8. Nevertheless,
the fluctuations in the sub-threshold region are dominated by the first term of equation
2.8.
A = γ2 S2g



gm
Id

2

+ αc Id2

(2.8)

2.2 Carbon nanotube gas sensors
The purpose of this section is to give a comprehensive overview of the current understanding of CNFET gas sensing. First the sensing mechanisms present in CNFET gas sensors
are discussed followed by a discussion on the sensor kinetics. Next the recovery methods
are discussed and the principle of self-heated recovery is introduced. Finally, a summary
of the state-of-the-art is provided.
2.2.1 Sensing mechanisms in carbon nanotube gas sensors

Understanding the effect of gases on the CNFET electrical transport is crucial to sensor
design and architecture. For a CNFET to be sensitive to a certain gas, the gas molecules
must be able to interact and bind to the device surface and produce a change in the electrical transport of the device. A lively debate is prevalent in literature about the sensing
mechanisms involved, and both contact-related and channel-related mechanisms have
been suggested. For the sake of discussion it is convenient to distinguish the effect of
gas adsorption on the two different regions: the metal surface and the nanotube surface.
In the next few paragraphs, the different sensing mechanisms which may be present in a
CNFET sensor is discussed in detail.
Adsorption on the metal

In addition to the Schottky barrier (which is a result of the metal-nanotube work function
difference) at the contact interface, another tunneling barrier, originating from poor wetting, contamination or metal grain boundaries is likely to exist in the contact region. This
additional tunneling barrier is therefore a source of additional contact resistance. We can
identify two sensing mechanisms that can result in the modification of carrier transport
across the metal-nanotube contact due to gas adsorption on the metal surface:
Changes to the metal/nanotube work function: It is well known that the molecular adsorbates can have a strong effect on the metal work function. Methods such as Kelvin
probe [80], Scanning Tunneling Spectroscopy, X-ray and Ultraviolet Photoelectron Spectroscopy [81] (XPS and UPS) have been used to elucidate the mechanism of this work
function change. Upon gas adsorption, particularly for polar molecules such as NO2 , a
dipole layer is formed at the surface, modifying the potential barrier that the electrons experience [82, 83]. If this interaction is stronger (leading to chemisorption of the adsorbates),
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net charge transfer to the surface states of the metal can occur.
For CNFETs, the discussion from section 2.1.2 on the effect of metal work function on the
device transport can be applied. Assume that the device under consideration is an n-type
transistor with a Schottky contact. If the gas molecules adsorbing on the metal close to the
nanotube contact modify the work function, the ensuing Schottky barrier change leads
to a change of the transfer curve as shown in figure 2.6a. The adsorption of NO2 may
result in a decrease in the SB height for holes and increase for electrons, leading to a lower
current in the n-branch. This will be referred to as a ‘tilt’ of the transfer characteristics in
the remainder of this thesis.
Work function change for devices with ohmic contacts can be more complicated. When
the work function change does not alter the contact type (i.e., the contact remains ohmic),
work function change is not visible in the transfer characteristics. If the work function
change causes the contacts to turn from ohmic to Schottky, the ’tilt’ in the characteristics
may become visible, depending on the magnitude of the change.
Changes to the additional tunneling barrier: If an additional tunneling barrier exists
between the nanotube and the metal, for example when a large metal grain is contacting
a small-diameter nanotube or when there are impurities at the interface, it is possible for
the NO2 to diffuse into these sites and modify the tunneling barrier. This may result in a
change of transmission through the barrier, which is manifested as a scaling of the transfer
curve (2.6b). The signature of this mechanism is different from the Schottky barrier change
in that both the p– and n– branch conduction are improved upon gas adsorption. While
possible in principle, this second mechanism has not been reported so far in literature,
indicating that it is not common.

in air
in NO2

in air
in NO2

Id

Id

Vg
a) Metal work function change

Vg
b) Tunneling barrier change

Figure 2.6: Effect of on-metal adsorption on CNFET characteristics: a) effect of work function change
b) effect of decrease in the tunneling barrier.

Adsorption on the nanotube

NO2 exists as a dimer in gas phase with a binding energy of -0.6 to -0.75 eV [84, 85] (there
is no formation barrier). Experiments on highly oriented pyrolytic graphite (HOPG) [86]
and grafoil [87] previously showed that NO2 also favorably physisorbs on surfaces as a dimer for a wide range of temperatures and coverage. However, the C–C bonds in graphite
or graphene are trigonal planar, with no curvature. On the other hand, curvature in carbon
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nanotubes creates a strain on the C–C bonds, as they bend closer to a tetrahedral geometry.
This requires additional energy, and the bonds in carbon nanotubes are correspondingly
more reactive than graphene. Nanotubes are therefore expected to interact more strongly
with polar molecules such as NO2 . The nature of interaction between NO2 and the nanotube is a matter of ongoing debate, and the current understanding of the NO2 -nanotube
interaction is far from satisfactory. A brief review of the reports so far will be made before
further discussing their effects on the electrical characteristics of the CNFET. In the following discussion, the distinction between physisorption and chemisorption is primarily
based on the bond distance and the nature of the bond. Chemisorption involves breaking
the C–C π bond and results in short bond lengths (1.4-2 Å), while for physisorption, the
equilibrium distances are larger ( 3 Å).
Experimentally, several reports agree that the undisturbed recovery time of a nanotube
sensor after exposure to NO2 is very long, in the range of 12 h [88–90]. This indicates that
the interaction of the nanotube with the analyte is quite strong, of the order of -1 eV. However, several theoretical calculations show that pure NO2 adsorption is physisorption [91–
95]. Although the first investigations [91] indicated a charge transfer upon physisorption,
Santucci et al. [95] showed that this charge transfer disappeared when spin-polarized treatment was used in the calculations. Yim et al. [96] have suggested that pairwise chemisorption of NO2 molecules is more favorable; however, the energy of interaction they calculated is far lower than the observed experimental results as well as theoretical calculations
in other reports [92, 97].
It is also possible that NO2 undergoes dissociation upon adsorption on the nanotube.
Goldoni et al. [98–100] have performed photoemission spectroscopy measurements that
indicate that the NO2 adsorption on purified SWNTs results in the formation of NO3 and
NO. This is in agreement with the calculations of Peng et al. ([93]) which show that NO3
interacts strongly with the nanotube, which can be interpreted as a physisorption with
charge transfer. However, it has since been pointed out that local density approximation (LDA) method used in this paper is not quantitative and tends to overestimate the
binding energy [92, 97] and charge transfer. Chemisorption of two NO3 molecules, on
the other hand, is found to be strongly exothermic, with an adsorption energy between
-1.4 and 1.9 eV. Formation of NO3 and NO from NO2 may involve either the reaction of
two individual NO2 molecules, or the dissociation of N2 O4 . While these reactions are
unfavorable by nearly 1.1 eV, it may be possible that adsorption on the nanotube lowers
the energy required for this reaction to occur. However, the results from Ellison [101]
using temperature-programmed desorption (TPD) and Fourier-transform infrared (FTIR)
spectroscopy disagree with this suggestion, as they found no evidence for chemisorption.
Most of these studies also suggest a strong dependence of binding energy on the nanotube
curvature, but a systematic experimental investigation on this has not yet been reported.
There are also suggestions that a charged nanotube may exhibit a different binding energy to adsorbates and charge transfer than an uncharged nanotube [102]. In fact, Chen et
al. calculated that the binding energy of water molecules on an SWNT surface increased
from 0.03 eV at zero electric field to 0.6 eV in an electric field of 0.33 V/Å. For comparison,
the electric fields from the gate in the vicinity of the nanotube in FET-type gas sensors can
be around 0.1 V/Å. Therefore, there may be a significant impact of the field on analyte
binding energies. Unfortunately, there has been no comparable ab initio calculation for
NO2 interacting with a charged nanotube, nor a comparable experimental measurement.
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Figure 2.7: Effect of NO2 adsorption on the device band structure with contacts passivated. a) The
band alignment before adsorption (only the valence band is shown, with a Schottky barrier for
holes) at high (green) and low gate voltage (magenta) respectively. Regions I, II and III are identified. b) Effect of NO2 adsorption. The bands shift upward, but the Schottky barrier width is also
changed at low gate voltages, while only a negligible change is evident for high gate voltages.

As such, the effect of electric field on the binding energy of the analyte remains poorly
understood.
The role of nanotube defects and impurities on their gas sensitivity should not be neglected. Ab initio calculations of doped nanotubes [103], as well as calculations and experiments on defective nanotubes [104–106] show that the presence of defects can drastically
alter the gas sensitivity. Therefore, the quality, purity and the number of nanotubes integrated into the device play an important role in the sensor response. In a single, as-grown,
low-defect nanotube, these mechanisms are not expected to play a very important role.
An additional possibility is substrate-assisted adsorption – it is possible that the molecules
may adsorb onto the substrate surface instead of the nanotube. In this case, even if there
is no charge transfer doping, polar molecules may create a gating potential or screen a
portion of the gate field. This would have an identical effect to doping, since it shifts the
Fermi level in the nanotube. However, suspended nanotubes have also been shown to be
sensitive to NO2 [107], indicating that the role of the substrate may be small.
Assuming that the adsorption of NO2 on the nanotube is accompanied by a change in
the carrier density of the nanotube (for e.g. due to charge transfer), the effect of on-tube
adsorption of NO2 on the transfer characteristics can be discussed as follows: Consider
the example of a device with a passivation layer of thickness t that acts as an NO2 diffusion barrier on the metallic regions, so that on-metal adsorption can be neglected (see
figure 2.7). In this scenario, we can divide the sensor into three regions– Region-I: section
protected by the passivation, Region-II: section close to the passivation where the Schottky barrier is still present, and Region-III: section far away from the contact where the
Schottky barrier is not relevant.
Adsorption on Region-I: In this region, NO2 cannot adsorb on the nanotube itself, but a
distance t away from the passivation layer. As a result, molecules adsorbed here cannot
influence the transfer characteristics directly.
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Adsorption on Region-II: Firstly, it must be noted that for a sufficiently large t which
can cover the Schottky barriers completely, Region-II does not exist. This can happen
in two cases– for a large value of t, or when the Schottky barriers are small (due to the
contact metal or at high Vg ). In cases where it does exist, adsorption of NO2 molecules
in this region has the effect of reducing the overall Schottky barrier width by reducing
the screening length, as shown in figure 2.7b. In addition, the strength of this response is
also expected to be dependent on gate voltage, since this affects the width of the Schottky
barrier dramatically. In a Schottky barrier transistor where the current modulation occurs
due to thinning of the barriers, adsorption at Region-II can have a strong influence. For
nanotubes with ohmic contacts (or for Schottky barrier transistors at high Vg , as shown in
figure 2.7), adsorption on Region-II is essentially the same as adsorption on Region-III.
Adsorption on Region-III In Region-III, NO2 adsorption on the nanotube accompanied
by charge transfer has the effect of shifting the bands to favor hole conduction, as shown in
figure 2.7. However, whether this effect actually results in a change in the transfer characteristics of the nanotube depends on whether the transport through the device is controlled
by the Schottky barriers or the free carrier density in the channel. In a Schottky barrier
transistor, charge transfer in Region-III alone may not result in a response, since the transport is limited by the barriers and increasing the free carrier density does not affect the
current through the device. On the other hand, for ohmic contacts or when Schottky barriers are thin where the transport is limited by the free carrier density, charge transfer can
result in a shift of the characteristics, as shown in figure 2.8.
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Figure 2.8: The effect of charge transfer due to on-tube adsorption near the middle of the channel,
leading to a change in the Fermi level. This results in a shift of the transfer characteristics.

The initial devices by Kong et al. [23] had no passivation layers, due to which their response could result from all the mechanisms discussed here. The measurements by Zhang
et al. [108] were performed on long-channel Schottky barrier transistors, where the transport is limited by the barrier width. In this scenario, they did not observe a response
to NO2 even when the mid-section of the nanotube was exposed, which is in agreement
with the theoretical framework presented here (Region-III for Schottky-barrier CNFETs).
On the other hand, Bradley et al. [109] performed similar experiments on short-channel
Schottky barrier transistors, and they indeed observed a response (Region-II for Schottky
barrier CNFETs). There is also experimental evidence for adsorption on Region-III result-
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Device region

Sensing
mechanisms

Effect on
Ohmic
CNFETs

Effect on
SB-CNFETs

Ref.

Metal at contact

Metal work
function change

no change

tilt

[23, 112]

Tube at contact

Charge transfer

tilt

tilt

[108, 109]

Tunneling
barrier

Transmission
change

scaling

scaling

N.A.

Substrate

Electrostatic
gating

rigid shift

rigid shift

[90]

SWNT channel

Charge transfer

rigid shift

rigid shift

[23, 110,
113]

Table 2.2: List of possible sensing mechanisms in a pristine CNFET NO2 sensor. Defects are not considered. Rigid shift, tilt and scaling have meanings as described in the previous section.

ing in a shift of the characteristics for several molecules, including NO2 [110], SOCl2 [111]
and NH3 [23].
Finally, we can comment on the relative strengths of the response of the different regions. Assume that the nanotube device resistance is made up of a contact resistance term
(coming from the contact barriers) and a channel resistance term (from the nanotube). In
terms of conductance, we can write this as
1/G = 1/GC + 1/GNT

(2.9)

It therefore stands to reason that the change in the device conductance upon exposure
to NO2 depends both on which areas of the device are affected as well as the relative magnitude of the conductances. For instance, if the contact resistance is low compared to
the channel resistance, gas adsorption on the nanotube produces a large sensor response
(S = ∆G/G0 ), since the conductance is channel-limited. On the other hand, a change
in channel conductance may produce virtually no response if the contacts are relatively
opaque. In other words, for Schottky barrier transistors, we expect very small responses
to NO2 adsorption on the channel, when the response arises solely from Region-III, but
large responses if the adsorption also occurs on Region-II. For low-resistance ohmic contacts, we expect a large response from Region-III, and only small responses from Region-II.
Table 2.2 summarizes the sensing mechanisms discussed in this text, as well as their
effects on CNFET transfer characteristics that may be expected for the NO2 -CNFET sensor
system under different conditions.
2.2.2 Sensor kinetics

The kinetics of the carbon nanotube-NO2 gas sensor system is strongly related to the sensing mechanisms involved. In the following discussion, we make a few assumptions to
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build our arguments:
• Only monolayer adsorption is considered. Even if multilayer adsorption is possible,
it is assumed that their contribution to the sensor response is negligible as they are
too far away from the nanotube surface. This assumption is necessary for the Langmuir isotherm to be valid. Multilayer adsorption can be handled via the BrunauerEmmett-Teller (BET) isotherm where applicable [41].
• The sensor response is proportional to the surface coverage. This assumption is not
valid in case of strongly interacting defect sites. However, in case of diffusive channels with high quality nanotubes, this assumption holds.
• The metal work function change is proportional to surface coverage of the analyte.
Strictly speaking, this is true only for certain gases [80], but we assume this to be true
for NO2 .
• The binding energy of the analyte and the sticking coefficient are independent of
surface coverage. This is valid only at low coverages.
• Substrate effects are ignored.
The following derivation is based on the discussions in [41, 44, 114]. Consider the adsorption of an analyte A on the surface of a solid S to form the adsorbate A − S, i.e.,

−−
*
A(g) + S(s) )
−
− A−S

(2.10)

Here, K = Kads /Kdes is the equilibrium constant for this reaction, where Kads and Kdes
are the rates for adsorption and desorption respectively.
The adsorption rate per unit area can be written as a product of the molecular flux on
the surface of the solid and the sticking probability on the surface.
r ads = Kads p(1 − θ ) =

ps0 σ(1 − θ )
√
2πkmT

(2.11)

√
Where p/ 2πkmT is the molecular flux given by the Hertz-Knudsen equation, s0 is
the sticking coefficient, σ is the molecular cross-section and (1 − θ ) is the number of sites
available for adsorption. Similarly, the rate of desorption per unit area is written as
rdes = Kdes θ = θνe− Eb /kT

(2.12)

where ν is the attempt frequency, Eb is the binding energy on the surface and θ is the
surface coverage. For the transient coverage, we can use equations 2.11 and 2.12 to write
dθ
= r ads − rdes = Kads p(1 − θ ) − Kdes θ
dt
which can be integrated to obtain the time-dependent coverage θ (t) as


θ (t) = θ0 1 − e− pKads t/θ0

(2.13)

Where θ0 is the equilibrium surface coverage at partial pressure p. Furthermore, at
equilibrium r ads = rdes , and we can use the Langmuir isotherm to relate the equilibrium
surface coverage θ0 to the partial pressure (equivalent to gas concentration) as
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θ0 ( p ) =

Kp
1 + Kp

(2.14)

By using equations 2.11, 2.12 and 2.14, we can finally write
s σ
e( Eb /kT )
K= √ 0
ν 2πkmT

(2.15)

Equations 2.13, 2.14 and 2.15 can together be used to describe the surface coverage both
as a function of time as well as concentration (i.e., partial pressure). Next, we consider
the effect of surface coverage on the sensor response S. For the case of the carbon nanotube
chemical sensor, we must consider the effect of analyte on the surface of an unpassivated
device, where the analyte can adsorb on both the metal and the nanotube surfaces. The
kinetic model for gas response presented here is partly inspired by the treatment in [44].
The base conductance of the nanotube can be obtained from the series combination of
the channel and contact conductance:
1
1
1
GNT GC
=
+
or G =
G
GNT
GC
GNT + GC

(2.16)

The sensor response is defined as S = ∆G/Gi where Gi is the base conductance of the
device and ∆G = G f − Gi is the change in conductance in response to the analyte 1 . From
equation 2.16 we can write
!
Gf
GNT f GC f
GNTi + GCi
S = ∆G/Gi =
−1 =
−1
(2.17)
Gi
GNTi GCi
GNT f + GC f
Now consider the conductance change in the nanotube channel. GNT is proportional
to the nanotube free carrier density n. The initial free carrier density is ni . When the
nanotube is exposed to an analyte, the analyte coverage is given by θ NT on the surface. If
each molecule transfers a charge fraction q to the nanotube, the new carrier density in the
channel n f is given by n f = ni + qθ NT . Therefore, we can write
GNT, f
GNT,i

=

nf
ni

= 1+

qθ NT
ni

(2.18)

The sensor response to adsorption on the metal is more complicated, due to different
responses of the thermionic and tunneling components to the change in Schottky barrier
height. The thermionic current through the barrier is proportional to ne(−φSB /kT ) . On the
other hand, the tunneling component of the current does not lend itself to such an analysis
readily, as the tunneling transmission is field-dependent (and therefore, bias-dependent
[see equations 2.3 and 2.2]).
In ref. [44], the authors go on to derive an expression for e−∆φSB /kT assuming only the
thermionic component and using the formulation for Schottky barriers from equation 2.1.
In their case, the measurements were performed at zero gate voltage (close to the subthreshold region), and this treatment may well be valid. For higher gate voltages where
1

Note that S can go above 100% for increasing conductance upon gas exposure, but not decreasing conductance.
For decreasing conductance, defining S in terms of resistance might be a better formulation.
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field dependence of the Schottky barrier (and therefore, the tunneling current) cannot be
ignored, the effect of Schottky barrier change on the device conductance cannot be estimated easily. Gate and source-drain bias can play a significant role in deciding which
responses are dominant. A closed-loop iterative solution considering electrostatics, the
transport through the contacts and the channel is necessary to understand the sensor response completely.
We can instead discuss the role of each of these mechanisms based on which region of
the device dominates transport. One possibility is that the nanotube conductance is the
limiting factor, and the contacts are relatively transparent. This situation can appear at
high gate voltage or when the nanotube-metal contact is ohmic with low resistance. In
this case when GNTi << GCi , we can simplify the relationship as
S=

qθ NT
ni

(2.19)

This expression basically suggests that changes to the contact region are not visible in
the sensor response.
In the case when the transport is contact-limited, we have the situation that GNTi >> GCi
and on-tube adsorption has negligible influence on the sensor response (In other words,
most of the change in conductance arises from the contacts). Here, the transient response
of the sensor must be fitted either by making simplifying assumptions (for e.g. thermioniconly response as in [44]) or by modeling the transport through the nanotube with a coverageproportional change in the Schottky barrier height.
With respect to the transient response, another thing to bear in mind is the linearity
of the transfer characteristics in the region relevant to the sensor response itself. If the
sensor response is measured from a highly non-linear part of the characteristic (e.g. close
to saturation), there is no linear dependence between the sensor response and the surface coverage. If a direct correlation between surface coverage and sensor response is to be made, it
is necessary to ensure that the response is measured from the linear part of the transfer
characteristics.
2.2.3 Response and recovery time

The discussion in the previous section laid out the physical principles that govern the
kinetics of SWNT gas sensor. Based on this discussion, we now catalog the effect of the
different parameters on the response and recovery times of the sensor. For the response
time, we can assume that r ads >> rdes , and vice versa for the recovery time.
• Partial pressure p: The response time is directly dependent on the partial pressure
of the analyte (equation 2.11). Recovery time is usually measured in the absence of
analyte, and therefore p = 0.
• Sticking coefficient s0 : The sticking coefficient is the probability that the analyte molecule arriving at the surface sticks to the binding site. Therefore, a higher s0 increases
the adsorption rate. In general, the sticking coefficient decreases with increasing temperature and coverage, but this dependence is often neglected in practice, or the
sticking coefficient is derived from fitting the transient gas response.
• Binding energy Eb : For a simple physisorptive interaction, the desorption barrier is
equal to the binding energy. In other cases, Eb must be replaced with the desorption
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barrier in equation 2.12. Eb has a strong influence on the recovery time. In particular, the recovery time for NO2 is reported to be >12 h [23, 89, 110]. This translates
to a desorption barrier of ∼ -1 eV. This is an unacceptably large recovery time for
practical sensors, and methods such as heating to elevated temperatures (110 ◦ C to
200 ◦ C), UV-mediated recovery [89] and more recently, humidity-assisted desorption
[90] have been proposed.
• Temperature: Both adsorption and desorption rates increase with temperature. However, other parameters, such as the sticking coefficient and attempt frequency ν are
also temperature-dependent. Therefore, the net temperature dependence may be
highly non-linear. Moreover, a subtle distinction must be made if the sensor and the
gas are not at the same temperature: the molecular flux (in the expression for adsorption rate) is dependent on the gas temperature, while the desorption rate depends
on the substrate temperature. The sticking coefficient depends on both temperatures
[115]. Therefore, when applying the relevant equations, the appropriate temperature
must be chosen.
2.2.4 Tuning selectivity

Selectivity of a sensor refers to the ability of the sensor to distinguish a specific analyte
in the presence of interfering analytes. For instance, pristine nanotube gas sensors for
NO2 are also sensitive to NH3 , SO2 and other volatile organic compounds (VOCs), which
can potentially affect their performance depending on the application being considered.
There is a wealth of research targeted at addressing the problem of cross-sensitivity and
selectivity in carbon nanotube gas sensors [116–118].
A pristine carbon nanotube channel is relatively inert to several gases that are present
in large quantities in the atmosphere, such as N2 , O2 , CO2 , CO and H2 . The most common
interfering agent encountered in gas sensing is water (as humidity) which can vary significantly and is often present in far higher proportion than NO2 . While there are reports
of carbon nanotube mats and network sensors being highly sensitive to water molecules
[90], there are no comparable studies on pristine nanotubes. Muoth et al. [34], for instance,
showed that stable, hysteresis-free operation is possible even in humid air, which suggests that cross-sensitivity to water may not be a dominant issue for pristine nanotube gas
sensors.
Furthermore, the discussion on the kinetics and sensing mechanisms in the previous
sections provides a platform for the rational design of sensors with the aim of increasing
selectivity. For instance, it is also possible to enhance the selectivity by thermal cycling
or tuning [26] techniques. By varying the temperature, it is possible to shift the adsorption/desorption equilibrium favorably towards the desired analyte and suppress the contribution of the interfering agents. As an example, this method can be used to exploit the
difference in the desorption energies of NO2 and NH3 . 1 , using the Arrhenius equation,
we can design the ratio between the desorption rates such that a specific ratio of surface
coverage is obtained, which can then be translated into a ratio of sensor response.
Other possibilities to enhance the selectivity include modifying the adsorption rate by
changing the sticking coefficient or varying the electronic contribution from the adsorbed
gas (charge contributed per molecule). These two mechanisms are usually realized by
1

For the sake of simplicity, we assume that the adsorption process is the identical for both analytes
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functionalizing of the nanotube.
2.2.5 Sensor recovery methods

For a sensor to be practical, it must be reusable. From the previous discussion, it was
established that the high desorption barrier of NO2 (∼ -1 eV) from the carbon nanotube
surface poses a critical problem for its function as a gas sensor. The recovery time is in the
order of a few hours, which is unacceptable for a gas sensor. A method that accelerates the
recovery from hours to at most a few minutes is highly desirable. Table 2.2 summarizes
the recovery methods utilized so far in literature.
Carbon nanotube sensors when operated at room temperature consume a few µW of
power, which is a huge advantage over conventional gas sensors which require high temperature for operation. On the other hand, if the sensor recovery involves heating or UV
illumination, this advantage is eliminated. Conventional heaters used in gas sensors require 0.1-1W to operate [8]. State-of-the-art microheaters employing suspended heating
membranes can drastically reduce the power consumption to a few mW [128–130]. UV
diodes also require 1-100 mW to operate [131]. Despite this, both these methods require
over 1000 times the power used by the nanotube. In order to minimize the recovery power,
we consider the self-heating of the nanotube as a potential technique for ultra-low power
sensor recovery. This idea is discussed in detail in the next section.
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a

30 min
< 60 min
> 60 min

> 5 min
> 20 min

Bulk heating 110 ◦ C
Bulk heating 165 ◦ C
Bulk heating 200 ◦ C
UV-exposure
UV-exposure
UV-exposure
Continuous UV
254 nm UV and 150 ◦ C
Gate voltage pulses
Humidity increase
Self-heating

Mattmann et al. [110]

Valentini et al. [119]

Sayago et al. [120]

Li et al. [89]

Suehiro et al. [121]

Kim et al. [122]

Chen et al. [123]

Ueda et al. [124]

Chang et al. a [126]

Randeniya et al. b [90]

Moon et al. [127]

MWNT mats

SWNT mats

i-SWNT chem-FET

Vertically aligned SWNTs

SWNT mats

SWNT mats

SWNT mats

SWNT mats

SWNT mats

Vertically aligned MWNTs

i-SWNT chem-FET

i-SWNT chem-FET

Device type

There is some dispute about the origin of the apparent sensor recovery reported in this paper. Ervin et al. [125] for example show that there is a large contribution
from hysteresis to this observation.
The authors note that this technique only works for substrate-bound devices- the effect is strongly suppressed in suspended mat devices.

Table 2.3: Summary of methods reported in literature to recover carbon nanotube sensors. i-SWNT stands for individual SWNT.

10 min

10 min

30 s

20 min

5 min

10 min

1h

Bulk heating 200

Recovery time

Kong et al. [23]

◦C

Recovery mode

Reference

2.2 Carbon nanotube gas sensors

27

2 Theory and State-of-the-art
2.2.6 Self-heating for sensor recovery

For a simple ohmic resistor R, the power dissipation P from self-heating at a current I
is given by P = I 2 R.1 The steady-state temperature achieved from this heating power
depends on the heat transfer paths in the surroundings of the heater. Furthermore, the
thermal coupling between the heater and the sensor plays a strong role in the temperature
attained at a given power. Both these problems can be solved by using the self-heating
effect to raise the gas sensor temperature. Especially in nanostructures, self-heating can
be achieved at extremely low power with fast response times due to their minute heat
capacity and tiny volume. In this respect, an individual single-walled nanotube (SWNT)
is close to an ideal low-power heating filament with single-atom thick walls. Therefore,
self-heating of individual SWNTs is an enticing prospect to reduce the heating power for
gas sensor recovery.
The concept of self-heated gas sensors has been previously investigated for SnO2 nanowire gas sensors. Strelcov et al. [134, 135] showed the effect of self-heating on the surface reactivity of SnO2 nanobelts to hydrogen. Prades et al. demonstrated SnO2 nanowire sensors
for sensing NO2 that operated at 20 µW [136–141]. They demonstrated a thermal response
time of a few ms and a gas response time of ∼ 5 minutes. More recently, nanocolumnar WO3 sensors operating at 21 µW were also demonstrated, where the sensor attained
high temperatures through self-activation [142]. At this level of power consumption, the
devices can be operated using energy harvesting technologies such as thermoelectric generators [143]. Nonetheless, nanowire sensors require continuous heating to operate, which
increases their overall power consumption. They are also therefore more prone to device
failure in the long-term. SWNT sensors are gas sensitive at room temperature and require
heating only for recovery. Moreover, the heat capacity is expected to be even lower, and
therefore faster heating and even lower heating powers may be possible.
The self-heating in carbon nanotubes is attributed optical phonon scattering [144]. As a
result, self-heating in carbon nanotubes is enhanced when an optical phonon energy state
is encountered. To achieve substantial temperature increase with a single nanotube, the
device architecture and operating conditions must be carefully considered. The presence
of a substrate can dramatically reduce the temperature achieved by heating the nanotube
[144]. In substrate-bound nanotubes, most of the heat flows through the substrate and
currents in excess of 20 µA are attainable with only a small temperature rise [145]. On substrates, the optical phonons can relax into the surrounding substrate, leading to a modest
temperature increase. With sufficient power, it is nevertheless possible to heat substratebound nanotubes. Indeed, Pop et al. [146] measured nanotubes on insulating substrates
and showed that powers in excess 100 µW were necessary for a substantial heating of
the nanotube, while >200 µW was necessary for breaking down individual SWNTs on
the substrate. They identified the thermal coupling between the nanotube and the substrate to be the key factor controlling the temperature rise and establish a linear correlation between the nanotube length and breakdown power. The measurements by Maune
et al. [147] which were reported earlier also support this conclusion, where they show that
for long nanotubes, the power necessary for temperature-driven breakdown can be over 1
1

Self-heating is generally a source of problem in electronics, as it can lead to reliability issues with devices. If
unchecked, it can cause device damage due to thermal runaway in transistors an diodes [132], and exacerbate
other failure mechanisms such as electromigration [133]. Therefore, the constraints placed on the device quality
in self-heated gas sensors must be carefully considered.
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mW for 7.8 µm long tubes. For interconnect applications which require high current density with low power dissipation, this is highly desirable, but for a low power gas sensor, this
large power dissipation to the substrate represents wasted heating power which must be
avoided.
On the other hand, the current in suspended SWNTs is strongly impeded due to the
enhanced non-equilibrium optical phonon scattering [144], leading to rapid current saturation followed by negative differential conductance. This is in turn associated with a
significant increase in tube temperature [148–151]. In vacuum, the heat generated in the
nanotube can only dissipate through the contacts (and radiation loss, which is estimated
to be very small, in the order of nW [144]). As a result, substantial temperature increase
(>500 ◦ C) is achievable at a remarkably low power [152].
Gas sensors operate in ambient conditions, so heat dissipation to the surrounding molecules must be considered. Mann et al. found that the extent of phonon relaxation depends on the number of atoms in the gas molecules [153]. Hsu et al. showed that gas
molecules may contribute 50-60% of the total heat dissipated to the surroundings [154].
Nevertheless, the efficiency of thermal coupling is far lower than solid substrates, and
Raman investigations reveal that temperatures above 100 ◦ C can be achieved at 3-4 µW
[154]. For NO2 gas sensing (desorption barrier of -1 eV), a temperature increase of 100 ◦ C
would accelerate the desorption from ∼ 12 h to a few minutes (equation 2.12). Therefore,
achieving practical self-heated recovery with a few µW appears feasible.
Measurements and simulations indicate that the temperature profile along the nanotube
is not uniform [152, 154, 155]. Especially in suspended nanotubes, the temperature profile
is steep, with the maximum temperature close to the middle of the nanotube. The contact
areas, on the other hand, remain close to room temperature. As a result, the desorption
rate for the analyte is different at different positions on the nanotube. This implies that
a full recovery time, which requires complete desorption of the analyte, is controlled by
the lowest temperature attained on the nanotube. In section 2.2.1 the possibility of contacts
contributing to the sensor response was discussed. However, the contacts in a self-heated
CNFET remain close to room temperature due to their larger heat capacity. Therefore, analyte desorption from the metal surface cannot be accelerated. It may therefore be necessary
to suppress the sensor response associated with the metal contacts in order to achieve complete sensor recovery through self-heating. This can be achieved through selective contact
passivation, which will be discussed in more detail in chapter 4.
When operating a CNFET at elevated temperature, long-term stability must also be considered. Although high quality, defect-free nanotubes are stable up to high temperatures
(>800◦ C ) [156, 157], the presence of defects can lead to nanotube degradation at relatively
low temperatures [158]. Under long-term temperature stress, defects may propagate and
cause catastrophic failure of the nanotube [159, 160]. To avoid this, it is important that
high quality nanotubes are employed or the defect sites are passivated.
2.2.7 Other low-power sensor technologies

In parallel with carbon nanotubes, several other novel materials have been investigated
with the intention of enabling new analytical techniques for quantifying gases and vapors
at low power. A brief description of the competing technologies follows below.
• Semiconductor Nanowires: Semiconductor nanowires (including other associated
1-D nanostructures such as whiskers and belts) and in particular metal oxide (MOX)
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nanowires are the nanostructured form of the conventional MOX gas sensors [8, 161].
MOX sensors in their bulk form consume high power due to the high temperature
requirement. The sensor response is typically a resistance or impedance change, but
work-function changes (or the equivalent change in electrical characteristics induced
by work function change, for e.g. in the Lundström-FET [162, 163]) can also be used
as the sensor signal [83]. Common materials used for gas sensing include oxides of
Sn, W, V, In, Zn, Cu, Cd and Te. While MOX nanowires have been successful in reducing the operating temperature marginally [164–166], they are still not power efficient
when used in the form of arrays or mats that are heated externally. Nevertheless, by
reducing the thermal mass, the power consumption can be reduced while maintaining the same operating temperature. Self-heated SnO2 nanowires have shown great
promise [136] and are some of the lowest-power (tens of µW) devices ever reported.
• Electrochemical Sensors: Electrochemical sensors are capable of detecting reducing
or oxidizing gases, and are often used for detecting toxic gases such as NO2 and CO.
They can be broadly divided into potentiometric (potential-measuring) and amperometric sensors (current-measuring) [161]. They offer excellent selectivity, relatively
low power consumption (100s of µW) and high sensitivity [167]. However, they are
bulky and suffer from short lifespans. In particular, the current in amperometric
signals is directly related to the area of the electrode and does not lend itself to miniaturization easily.
• Graphene and related materials: Graphene is a very close relative of carbon nanotubes, and offers many of the same advantages as nanotubes. Its properties are
highly adsorbate-sensitive [168]. In addition, graphene also inherently possesses
lower electronic noise due to its 2-D structure and larger carrier concentration. Chemically converted graphene materials such as reduced graphene oxides can also be fabricated cheaply and have been successfully applied for gas sensing [169]. However,
varying the temperature of a graphene sensor is typically not low-power [170] and requires at least a few hundred µW. Therefore, graphene sensors may only be suitable
for analytes with sufficiently low response and recovery times at room temperature.
The following table aims to summarize some of the most relevant achievements in NO2
sensing for these materials. There is a huge body of research pertaining to each material,
and an exhaustive catalog of these studies is a daunting task. Nevertheless, an attempt is
made to feature the best-in-class values for these materials (marked in bold). For the sake
of comparison, comparable achievements in carbon nanotubes as well as some commercially available gas sensors are also listed in the table.
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Zhang et
al. [175]
Prades et
al. [136]
Ponzoni et
al. [176]
Cuscuna et
al. [177]
Ahn et
al. [178]
Ali et
al. [129]

MICRONAS
[174]

Electrochemical
MOX semiconductor

Alphasense
[171]
SGX
Sensortech
[172]
Ionotec [173]

W-Mo oxide
on µ-hotplate

ZnO

Si

WO3

SnO2

In2 O3

Ionconductive
ceramic
SG-FET with
CuPC

Material
system

Author

conductometric
conductometric
conductometric
conductometric
conductometric
conductometric

RT-100

400

<1

>1000

450

225

RT

300

175

<30

n.a.

n.a.

n.a.

0.02

Metal Oxide Nanowires
RT
n.a.

Work-function

potentio-metric

Measurement
principle

Power
Operdissipaating
tion
Temp.
◦C
(mW)
Commercially Available
Ampero-metric
RT
0.1
redox
conducton.a.
43
metric
n.a.

50

100

<500

few ppb

50

100

5

<50

1000

2

<1

few min

few min

2

∼20

1

2, heating

5 s, heating

15, RT

40, heating

2, self-heating

∼20, UV

60, RT desorption

2 s, heating

∼ 1, analyte
consumed
n.a., heating

∼1

20

2s

Recovery time
(min) and mode

Detection
limit
(ppb)

Response time
(min)

Table 2.4: Summary of low-power NO2 sensors. SGFET: suspended-gate FET; RT: Room Temperature; MOX: Metal-oxide; CuPC: Copper
Phthalocyanine.
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Chen et
al. [123]

Penza et
al. [180]

Moon et
al. [127]

Valentini et
al. [104]

Li et al. [89]

Qi et
al. [179]

Kong et
al. [23]

Exfoliated
graphene

SWNT mats

MWNTs +
metal
nano-particles

MWNT paste

Aligned
MWNTs

SWNT mats

PEI-SWNTs

i-SWNTs

conductometric

chem-FET

conductometric

conductometric

conductometric

conductometric

conductometric

conductometric

chem-FET

Measurement
principle

RT

149

150

RT

150

50

165

RT

RT

RT

Operating
Temp.
◦C

30 nW

n.a.

n.a.

n.a.

n.a.

20

n.a.

n.a.

n.a.

n.a.

Power dissipation
(mW)

n.A.
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1

0.00059

100 ppb

50000

10 ppb

44 ppb

0.1

n.a.

Detection
limit
(ppb)

∼1h

∼30

∼5

>5

>> 5

8

few min

n.a.

few min

0.5-5

Response time
(min)

30 min, heating
120◦ C

∼20, heating
(µ-hotplate)

∼5, heating

>5, continuous
UV

>60, heating

10, Joule heating

few min, heating

10, UV

few min, UV

1 h, heating 200
◦C

Recovery time
(min) and mode

Carbon nanotubes and Graphene

Table 2.4 contd. Summary of low-power NO2 sensors prior to this work. PEI: Polyethyleneimine

Schedin et
al. [168]

chemically
converted
graphene

chem-FET

Author

Fowler et
al. [181]

i-SWNT

Material
system

Mattmann
et al. [110]
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2.3 Review of research objectives
After a review of the current state-of-the-art, it is essential to consider its implications
on the feasibility of fabricating low-power gas sensors using carbon nanotubes. As mentioned earlier, one of the goals of this thesis is to design a truly low-power gas sensor
which can maintain the advantages of using carbon nanotubes for this application. Based
on the state-of-the-art review, it becomes clear that carbon nanotubes have the potential to
offer miniaturized, high-performance gas sensors operating at a few µW of power. This
is concomitant to the issue of sensor architecture design– most architectures reported in
literature so far have been on-substrate, but no suspended architectures have been investigated despite their potential [34, 182]. A detailed investigation into these topics is the
goal of chapter 4.
The second underlying issue is the ability to fabricate carbon nanotubes on a wafer
scale, as most devices reviewed here are based on small prototypes. There is a lack of gas
sensor fabrication technologies that can be scaled up to meet production volumes, which
is primarily due to difficulty in integrating carbon nanotubes into electrodes without sacrificing their quality. This thesis attempts to build a framework which can contribute
towards better control of the fabrication processes by providing a Statistical Process Control (SPC) platform. While the envisioned framework will be based on a commonly used
fabrication process, its utility is by no means restricted to this process. This forms the core
of chapter 3.
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The purpose of this chapter is to present a practical approach to integrating carbon nanotubes into transistors aimed at gas sensing applications. A simple, scalable fabrication
process is developed on 16 × 16 mm chips and subsequently implemented on a 100 mm
wafer. A process monitoring framework is developed to provide feedback about the integration process. After a brief overview of the various integration approaches, the proposed
fabrication process is described, followed by a detailed treatment of the process monitoring framework. The analysis of device yield and chip-scale implementation is then discussed. Finally, the chapter concludes with a demonstration and analysis of the CNFET
fabrication on a 100 mm wafer. Parts of this chapter were published in [183–186]. Some
of the work presented in this chapter is a result of collaborations with Maria Politou, Olga
Kurapova, Chris Myers and Wei Liu.

3.1 Approaches to SWNT integration
CNFETs have commonly been fabricated using electron beam lithography using essentially a ’direct wiring’ approach [57, 110, 187–189]. A single nanotube grown on a substrate is first localized relative to a set of on-substrate markers (using AFM or SEM). Customized masks are used to define metal patterns with lift-off. This method allows some
pre-selection of the nanotubes (with respect to diameter, length and straightness). However, it is a tedious, serial process, requiring large-area AFM scans and several e-beam
lithography steps. While convenient to fabricate demonstrators with tailored specifications, it is not practical for large-volume CNFET fabrication. Several other techniques
have been investigated to enable parallel integration of nanotubes into devices, which
will be collated briefly in the next section.
3.1.1 Available approaches

Approaches for parallel nanotube integration can generally be divided into four categories
(see figure 3.1):
1. Tube-first growth on substrate: The nanotube is grown on the target substrate from
localized catalyst islands [188, 190, 191], followed by photolithography for forming
metal contacts. This approach is simple and easy to implement. In particular for
gas sensing applications the growth substrate (e.g. Si/SiO2 ) may also be used as a
back gate, allowing analyte access to the nanotube [110]. The nanotube orientation
can be controlled via flow-alignment [192] or lattice-alignment in case of crystalline
substrates such as quartz [193, 194] and sapphire [195, 196]. The key disadvantages
include the inability to sort or pre-select nanotubes and wide variations in nanotube
length and density [186].
2. Tube-last growth on substrate: The nanotube is grown on pre-formed metal elec-
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trodes. This approach is attractive for the so-called ultra-clean integration of nanotubes [154, 182, 197]. The term ultra-clean refers to the fact that no wet-chemistry
or lithography processes are performed after the nanotube growth, leaving the nanotube in its pristine state. Ultraclean nanotubes exhibit impressive electrical properties such as hysteresis-free behavior [34, 198]. However, there are two significant disadvantages to this approach: (1) the metal might catalytically interfere with SWNT
growth, and (2) the metal thin film must survive high growth temperature under
harsh conditions. This severely limits the material options available.
3. Tube transfer: Nanotubes are grown on a growth wafer (such as quartz) and transferred to the target wafer, followed by contact formation through photolithography
[199, 200]. The key advantage in this case is the capability of integrating nanotubes
onto low-temperature substrates such as integrated circuits or plastic foils [201], since
the high-temperature growth process can be performed on a separate wafer. Nevertheless, the process is relatively complex and the nanotubes may suffer from contamination due to residues from transfer-tapes and photoresists [202].
4. Solution-based assembly: The nanotube is dispersed in solution, and assembled on
the target substrate either by dielectrophoresis using pre-formed electrodes [203, 204],
or by chemically selective surface modifications [205, 206]. In particular, Park et
al. [205] showed the possibility of selective and aligned integration of carbon nanotubes at high density on dielectric substrates using surface-selective modifications.
However, the surface modifications or surfactants introduced to disperse and assemble the nanotubes are difficult to remove after integration, leading to contaminated and unpredictable surfaces. This is not desirable for gas sensors, as they may
adversely affect the adsorption kinetics of the gases involved.

3.2 The wafer-scale integration process
The process presented here follows approach #1 since it is a simple, scalable technology
that offers material and process flexibility. Contacts can be patterned using not only photolithography but also resist-free methods such as stencil-masking. Although the general
concept of patterned catalyst growth for nanotube integration has been proposed several
years ago [188], there has been no systematic approach to electrode design; in this work,
the electrodes are designed keeping the nanotube length and density distribution in mind
in order to maximize the yield of single-tube devices. Figure 3.2 shows the key steps involved in this integration process using photolithography. 1
The fabrication begins on a 675 µm silicon wafer with 70 nm of dry thermal silicon
dioxide (grown at the Centre for Micronanotechnology, EPFL). The silicon wafer (from
Siltronix SA) is heavily p-doped (boron, 0.002-0.004 Ω-cm) to act as the back-gate. On
this wafer, the steps outlined in Table 3.1 are performed in order to obtain CNFETs (For a
detailed process runsheet, refer to the Appendix A)

1

The concept is inspired by the process developed by Lukas Durrer [207] on small (8×8 mm) chips. However,
the processes were re-established with deep-UV (220 nm wavelength) lithography, with improved control over
feature size (down to 0.5 µm ) and process reliability.
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a) #1

catalyst

SWNT

D

S

insulator
Si

G

b)#2

c) #3

handle layer

Growth wafer

d) #4

Nanotube
dispersion

Figure 3.1: Approaches to wafer-scale fabrication of nanotube devices. a) Growth on a target substrate followed by contact formation. b) Contacts are deposited first and nanotubes are deposited later to bridge the electrodes. c) Growth is performed on a different wafer and tubes are
transferred onto a target wafer, followed by contacting. d) Nanotubes dispersed in a liquid are
assembled onto pre-fabricated electrodes.

37

3 Wafer scale integration of nanotube transistors

Figure 3.2: Wafer-scale process for integrating individual SWNTs into functional devices. a) Marker
etch with RIE, b) Ferritin adsorption at controlled density and pH, c) SWNT growth, d) Contact
definition.

Process step

Technology

Key process improvements

1.
Alignment marker
definition

Reactive Ion Etching
SiO2 : Ar/CHF3 plasma
Si: CF4 /O2 plasma

Marker visibility in the
mask aligner

2. Ferritin island formation

Deep-UV
wavelength)
and lift-off

a) Density control
b) No re-deposition of
particles upon lift-off

3. SWNT growth

Chemical vapor deposition
of CH4 850 ◦ C

a) length control
b) density control

4. Contact formation

Deep-UV Lithography
60 nm Au / 2 nm Cr
Lift-off

Residue-free lift-off

5. Passivation

Atomic layer deposition of
40 nm Al2 O3

Deposition temperature

(220
nm
Lithography

Table 3.1: Process flow for the top-down contacting of nanotubes on the growth substrate.
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3.2.1 Process optimization

Several process steps were investigated in order to obtain a stable, reliable process. The
key improvements are summarized below.
Marker definition

In the first step, marker definition is done through reactive ion etching instead of metal
patterning and lift-off. Metal markers are unsuitable as most of the metal thin films do
not survive (or actively interfere with) the high temperature SWNT growth process [207].
The RIE marker definition involves two consecutive steps, performed without breaking
vacuum – RIE of the 70 nm SiO2 layer and the RIE of Si (about 150 nm). It was found
that if only the SiO2 was patterned, the marker was not visible in the microscope after
spin-coating photoresist for the next lithography step. This is expected, because the thick,
transparent photoresist masks the interference contrast created by etching the 70 nm SiO2 .
Incorporating a silicon RIE (about 150 nm) step was found to improve the visibility dramatically. An alternative to etching the markers would be to deposit non-metallic markers
(for e.g. by evaporating silicon followed by lift-off).
Ferritin surface density

Ferritin is a precursor for the iron nanoparticles that catalyze carbon nanotube growth
[208–210]. It is a cage-like protein which occurs in several organisms, whose function is
to store excess iron in the form of mineralized ferrihydrite nanoparticles up to 8 nm in
diameter [211]. Ferritin allows the independent control of density and diameter – evaporated catalyst metal thin films do not enjoy this advantage, as the size of the particles
as well as the density are determined by the film thickness alone. Durrer et al. [210] have
previously shown that the particle size distribution can be adjusted using density gradient ultracentrifugation, which in turn can be used to adjust the diameter of the nanotubes.
Independently, they also showed that the nanotube surface density can also be varied by
changing the concentration of the ferritin stock solution [212].
One important drawback of density gradient ultracentrifugation is the small solution
volume resulting from the process (about 250 µL) [207, 210]. If the ferritin adsorption
must be performed on a 100 mm wafer, large solution volumes (about 10 ml) are necessary.
The maximum particle density is therefore constrained by the minimum solution volume
required to cover the wafer. The alternative possibility is to control the fraction of particles
in solution that actually adsorb on the surface. To this end, the possibility of tuning the
nanoparticle density using pH variation was explored. This research was published in
[183].
Ferritin possesses a pH-dependent surface charge [213]. The amino acids constituting
the protein are amphoteric, meaning that they can be either negatively charged (the -COOH
functional group losing the proton) or positively charged (the -NH functional group gaining a proton) depending on the pH. As a result, ferritin has a net positive charge at low
pH and a net negative charge at high pH, with the charge reaching a minimum at a pH of
around 5.6 [214]. This point is referred to as the isoelectric point I p . The substrates used for
fabrication, such as SiO2 , Al2 O3 also possess a pH-dependent surface charge. For instance,
the I p of silicon dioxide is between pH 2 and 3. It follows that between a pH of 2 and 5.6,
ferritin and the substrate are oppositely charged, leading to an attractive interaction which
results in a higher particle density [183, 215]. On the other hand, a pH above 5.6 leads to
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a repulsive interaction between the substrate and ferritin, leading to lower coverage. On
the other hand, Al2 O3 has an I p at ∼pH 9, and the attractive interaction is between pH 5.6
and 9.
The range of surface densities that can be achieved by adjusting both the pH and the
concentration is far greater than adjusting only the concentration. For example (figure
3.3), at pH 5, the particle range achievable in the range of dilutions from 1:12 to 1:80 varies
from 960 to 370 per µm 2 , but by also varying the pH between 3 and 9, the variation can
be expanded from 1056 to only 2 particles per µm 2 . This means that solution volumes
can be diluted to a larger extent to be used on a 100 mm wafer, while the ferritin surface
density can be increased by reducing the pH. Ferritin adsorption steps performed in this
thesis were done at pH 4 for Si/SiO2 substrates.
Ferritin island formation

The formation of well-defined ferritin islands is crucial to the stability of the CNFET fabrication process. In the course of process development, two different failures in ferritin
lift-off were encountered.
Particle re-deposition: The first issue was the poor definition of the patterns on the wafer.
Using standard photolithography and lift-off in acetone, it was found that the patterns
often showed the presence of ferritin particles outside the islands, as shown in figure 3.4a.
This issue was observed using both AZ 5214E and nLOF 2070 (diluted 3:1 in EBR solvent)
resists. After nanotube growth, SWNTs were often observed outside the defined regions,
leading to shorts between electrodes. The growth of tubes outside defined islands is attributed to the re-adsorption of ferritin particles onto the substrate during lift-off. Most of the
photoresist dissolved rapidly (few seconds) in acetone at room temperature, due to which
it is speculated that the ferritin particles re-adsorbed.
To solve this problem, the process was migrated to a deep-UV setup with coPMMA
(P(MMA-MAA) in ethyl lactate) as the photoresist. This resist dissolves less rapidly in
acetone than typical photoresists (bulk of the layer is removed in ∼ 10 min instead of
seconds). After 10 s, when the topmost layer of the resist was removed (along with most
of the nanoparticles), the samples were switched to a fresh acetone bath. Finally, the lift-off
was completed in hot (80 ◦ C) NMP. It was found that the extraneous particles disappeared
completely with the modified recipe, as visible in figure 3.4b.
Resist residues: The second issue with ferritin lift-off was related to a residual co-PMMA
layer remaining after the development was completed. It was observed that although
ferritin particles were found in the defined resist (PMMA) window before lift-off, they
disappeared upon removing the photoresist. PMMA and co-PMMA are not very sensitive
to deep-UV wavelength, requiring high exposure dosage [216]. Therefore, it is speculated
that a very thin PMMA layer remains on the surface after development. Following ferritin
lift-off, this layer dissolves and removes the particles adsorbed on the surface. To test this
hypothesis, the samples were subject to short, low-power plasma ashing step to remove
the residual layer. Subsequent ferritin lift-off resulted in well-defined island patterns of
ferritin, similar to that shown in figure 3.4b.

40

3.2 The wafer-scale integration process

a)

35.3 g/ml

10.6 g/ml

5.3 g/ml

a) 1056

b) 712

c) 416

d) 640

e) 416

f) 235

g) 224

h) 122

i) 2

b)

35.3 g/ml

10.6 g/ml

5.3 g/ml

pH 3

pH 6

pH 9

After ferritin adsorption

1 m

After SWNT growth

2 m

c)
1200

particle count

1000
800
600
400
200

0.08

0.07

0.06
0.05
0.04
0.03
Relative concentration

0.02

9

7

5

3

pH

0
0.09

6

0.01

Figure 3.3: a)Ferritin surface density dependence on pH and concentration. Representative scans
from substrates with pH and concentration variation are shown. b) The same substrates after
growth. The SWNT surface density follows the same trend as the ferritin surface density. c)
Particle count in a 1 × 1 µm area as a function of relative concentration (ferritin stock = 1) and
pH. Adapted with permission from [183]. ©Elsevier BV 2011.
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a)

b)

Figure 3.4: Process optimization for ferritin lift-off. a) Ferritin island defined through AZ 5214E image
reversal resist used in negative tone. b) Ferritin island defined through P(MMA-MAA) Deep-UV
resist. The Ferritin particles tend to re-adsorb on to the surface for AZ 5214E, leading to poor
definition of SWNT growth location. Optimized lift-off with the DUV resist leads to improved
localization even at high ferritin densities. Scale bar is 2 µm.

a)

b)

c)

Figure 3.5: Poor ferritin surface coverage due to residual resist layer. a) After development of the
resist and ferritin adsorption. Ferritin particles are visible on both the surface of the resist as well
as the hole. b) After lift-off without plasma ashing. Only very few of the particles remain on the
surface. c) Lift-off after plasma ashing (from a different sample, similar particle density) results
in an improved ferritin surface coverage. Scale bar: 1 µm.
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Figure 3.6: Hysteresis width vs. deposition temperature for
ALD aluminium oxide, measured for n-type CNFETs
using p++ sweeps. An average decrease in hysteresis
of nearly 66% is observed when the deposition temperature is increased from 150 ◦ C to 300 ◦ C. Samples are
from run KC06.
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Table 3.2: Etch rate of 40 nm (460
cycles) ALD Al2 O3 at two
different deposition temperatures and in two etchants.

Atomic layer deposition

Atomic layer deposition (ALD) is a pulsed, self-limiting high-quality thin film deposition
process that produces highly conformal, low-defect and uniform layers [217, 218]. In the
present process, ALD aluminium oxide deposited using trimethylaluminium (TMA) and
water as precursors is used to encapsulate the devices for long-term stability [189]. It
is highly desirable that the deposited aluminium oxide produces low gate hysteresis in
CNFETs and remains robust against moisture and chemicals.
To investigate the effect of deposition temperature on the gate hysteresis, aluminium
oxide was deposited at 150 ◦ C and 300 ◦ C on several devices and the gate hysteresis was
measured [184, 219]. The results are shown in figure 3.6.
The decrease in hysteresis with increasing temperature is attributed to the increased
reactivity of the precursors at higher deposition temperature. During deposition, TMA
and water are pulsed alternately, leading to a self-limiting aluminium oxide layer on the
surface. However, at low temperature, the surface reactivity of the -OH groups (which are
present at the surface at the end of a water pulse) is lower; as a result, a fraction of the -OH
groups may not react with the incoming TMA molecules, leading to a lower film density,
higher defects and lower chemical stability [220, 221]. This hypothesis was supported
by the elemental analysis using Elastic Recoil Detection Analysis (ERDA) studies, which
showed that the hydrogen content of the alumina film decreases from about 5.6 % at 150
◦ C to less than 0.5 % (equipment detection limit) at 300 ◦ C. 1 This has also been verified
by measurements from Groner et al. [221]. Correspondingly, the chemical robustness of
the layer is also improved, as evidenced by the decrease in the etch rate of the films. Etch
rate measurements on 40 nm Al2 O3 showed that the rates decreased for both 4 % buffered
HF (from 100 nm/min to 45 nm/min) and 70 % H3 PO4 at 55 ◦ C (from 20 nm/min to 10
1

The ERDA analysis was performed by Dr. Olga Kurapova (Micro and Nanosystems) and Dr. Max Döbeli (Ion
Beam Physics Lab) at ETH Zurich.
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nm/min).

3.3 Statistical Process Control
Statistical process control (SPC) methods are commonly used for developing and maintaining stable process flows [222]. This method generally consists of the following steps
[223]:
1.
2.
3.
4.
5.

The process is analyzed for critical parameters to be monitored.
Techniques for precise measurement of the selected parameters are developed.
Variations in the previously-determined critical parameters are quantified.
The variations are classified as ‘Common’ and ’Special’.
Common variations are regular fluctuations inherent to the process (e.g. noise, probabilistic variation); They cannot be reduced by taking specific measures.
6. Special variations are assignable variations caused by unexpected events such as
breakdown of parts, contamination etc. These can be traced back and specific actions
are taken to eliminate them.
The general concept of statistical process control must be adapted for monitoring carbon
nanotube device fabrication processes. In order to create an SPC framework for carbon
nanotube growth, we must first begin by identifying the parameters that require monitoring in a carbon nanotube integration process. The key nanotube properties that are
influenced by the growth process include its length, surface density, diameter, electronic
type (metallic or semiconducting) and the nanotube quality (as measured by the G/D ratio in the Raman spectrum [224]). The ideal nanotube growth process should produce
nanotubes of defined chirality (or electronic properties), diameter, orientation and length
with a nucleation yield close to 1 and low defect density.1 In state-of-the-art growth processes, although independent control of length, density and diameter distributions has
been achieved, simultaneous control of these properties remains a challenge.
As an example, consider the effect of the SWNT electronic type on transistor yield. As
grown, 33% of the nanotubes are metallic or quasi-metallic (i.e., no control of electronic
type) at diameters above 1 nm [35]. When present in the transistor channel, these tubes
dominate the transport due to their higher conductivity and effectively turn the transistor
2 into a resistor with poor ON/OFF ratio. Consequently, the number of functional transistors drops drastically with the number of nanotubes in the device channel (from 66% for
a single tube to <10% for 6 tubes, see figure 3.7). It is therefore evident that the yield of
functional devices is related to the problem of density control, and thus monitoring the
nanotube surface density becomes crucial.
Furthermore, the length of the integrated tubes must also be in a desired window– short
nanotubes may not span across the electrodes, while very long nanotubes may span more
than one electrode or create undesirable parasitic conducting paths to neighboring devices.
Length control during SWNT growth has proved to be very challenging, since the nucleation and growth rate of each individual nanotube cannot be controlled [225]; while the
1
2

At the cost of device density, it is possible to circumvent the orientation problem – for instance, with concentric
circular electrodes.
A transistor is considered to be a device with an ON/OFF ratio above 100.
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Figure 3.7: Number of functional transistors as a
function of the number of nanotubes integrated
in the device channel. As 33 % of SWNTs are
quasi-metallic, the probability of including at
least one metallic nanotube increases drastically
with the number of tubes in the channel. A functional transistor is defined as a device which turns
OFF completely.
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Parameter

Failure mode

Effect

SWNT Length
SWNT length
SWNT density
SWNT density
SWNT-metal contact
resistance

Too long
Too short
Too dense
Too sparse
Too high

Shorts between adjacent electrodes
Drop in device yield
Drop in device yield
Drop in device yield
Low current and high noise

Table 3.3: The failure modes and effects on the device yield due to critical SWNT parameters arising
from the growth process.

length distributions can be shifted over orders of magnitude (µm to cm [226]), there is no
method of controlling the length of a specific SWNT. As a result, measurement of length
distributions is also highly relevant for monitoring the yield of nanotube devices.
Table 3.3 summarizes qualitatively the effect of parameter fluctuations on the yield of
working transistors.
3.3.1 Process Control Monitor: Concept

It is clear that obtaining feedback on the length and density of the SWNTs after they are
deposited on the wafer is a critical step for the statistical process control of direct-growth
nanotube integration processes. For this purpose, Process Control Monitors (PCMs) must
be designed. PCMs are structures commonly included on device wafers to enable quick
and efficient sampling of the parameter distributions to be monitored.
As a first step in the design of Process Control Monitors (PCMs) for SWNTs, we identify
the properties to be monitored:
1. Length distribution
2. Density distribution
3. CNFET parameter distributions: device type (metallic or semiconducting), ON-state
current (or equivalently, device resistance), leakage current, maximum transconductance, threshold voltage and gate hysteresis width.
Common techniques used to measure the length and density distributions of nanotubes
are atomic force microscopy (AFM) and scanning electron microscopy (SEM). These high-
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resolution methods can provide very precise estimates of the length and surface density;
besides, AFM is also capable of diameter measurement. Unfortunately, both methods
are time- and effort-intensive. Furthermore, SEM uses high-energy electrons for imaging,
which can lead to significant charge build-up and amorphous carbon contamination on
the substrates which are eventually used for fabricating devices [227, 228]. From the previous discussions (chapter 2), we know that CNFET characteristics are highly sensitive to
their electrostatic environment. As a result, SEM is unsuitable for rapid, non-destructive
measurement.
Raman spectroscopy is another very powerful tool to characterize carbon nanotubes–
it is capable of yielding information on the diameter (radial breathing mode position),
quality (G/D ratio), doping and induced strain [224]. However, not all nanotubes are
typically in resonance (depending on the laser wavelength), due to which the measured
distributions can be skewed in favor of the nanotube which are in resonance. Transmission
electron microscopy (TEM) coupled with electron diffraction is capable of very precise
identification of nanotubes including their chirality [229, 230], but it is limited to either
suspended nanotubes or tubes on very thin membranes.
All methods discussed so far have one common disadvantage- they are slow and cannot
be used to rapidly measure statistical distributions of nanotube properties. Although they
can be used to pre-characterize a process to establish precise estimates for the variable
distributions, they cannot be routinely used for statistical process control.
Electrical measurements, on the other hand, can be rapidly and reliably implemented to
obtain statistical distributions of device parameters and are commonly used in the semiconductor industry due to this advantage. While there have been no reports on the estimation of length and density through electrical measurements, there have been several
estimates of carbon nanotube device parameter distributions. Tseng et al. [231] demonstrated a CMOS-integrated post-growth technique to characterize large numbers of nanotube devices rapidly, but their results showed a very small fraction of functional devices.
Martin-Fernandez et al. [191, 232] have shown that by designing the catalyst area and the
electrode gap, up to 27% functional transistors may be obtained, but the fraction of singletube devices is not discussed. A rational approach to improving the device yield in the
presence of large fluctuations in length and density distributions is missing.
In this thesis, PCMs using electrical means to characterize parameter distributions of
carbon nanotubes are designed. For this purpose, the nanotubes are first contacted with
metal electrodes and the length, density and device parameter distributions are measured.
The design, fabrication and testing of length and density monitors is discussed in section 3.4.
The device monitors is discussed in section 3.5.

3.4 Length and density monitors
As discussed earlier, electrical measurements can be applied on device wafers to yield
rapid estimates of geometrical parameters such as metal line width, layer thickness (e.g.
resistance measurement) and dielectric layer thickness (e.g. capacitance measurement).
Electrically measured PCMs are a lucrative prospect also for measuring carbon nanotube
properties. However, carbon nanotubes pose peculiar challenges for estimating geometric
parameters electrically:
• The resistance of nanotube devices often varies over orders of magnitude. It is af-
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fected by several factors such as metal grain size, contamination from resist, gate
oxide thickness, nanotube length, diameter and nanotube quality. Statistics on nanotube device resistance reported thus far show variations from few 10s of kΩ to a
few MΩ [40, 191, 205, 233].
• The capacitance of individual nanotubes is too small to be measured by conventional
means [234].
• 4-probe measurements cannot be used effectively on SWNTs due to their very small
size [235, 236], although it may be possible on MWNTs [237]. This is because the
voltage probes divide the SWNT into individual segments, within which electrons
can separately equilibriate; the only exception is when a scanning probe tip is used
which acts as a weakly coupled potential probe.
In a recent study Zhang et al. [238] collected statistics from approximately 700 CNFETs
with identical channel length formed on the same nanotube but found that the contact resistance varied by nearly 1 order of magnitude (between 100 and 1200 kΩ).This suggests that
a simple resistance measurement cannot be used to estimate the length or the number of
nanotubes in the device channel.
In this work, an alternative solution using nanotube connectivity as a tool to characterize length and density distributions is proposed. Rather than focusing on the measurement of resistance, each measurement is treated as a boolean variable – measurements
with currents below a set threshold are designated as a ‘0 (OFF)’ and above the threshold
as a ‘1 (ON)’. By collating the results from several such 1/0 measurements, the bridging
frequency of the nanotubes across the electrodes is measured, and this frequency is used
to estimate the nanotube length and density distributions. This method avoids all the
aforementioned drawbacks and only depends on the ability to distinguish a short from an
open connection.
The basic concept of length and density monitors is shown in figure 3.8. The ferritin
islands are circles of 1.6 µm diameter. Nanotubes grow from these islands, which are then
contacted by metal electrodes. The ‘inner’ electrode covers the island completely, and
forms one end of the contact. The second electrode is a concentric circular arc formed at a
distance r from the center of the island and spans an angle θ. Five such structures (sharing
the same inner electrode) are formed with varying r, while maximizing θ. These designs
are designated length monitors. Density monitors are formed by keeping r constant and
varying θ. Modifying r and θ essentially modifies the probability of a nanotube spanning
the two electrodes. The bridging frequencies of many such structures are then fitted using
a maximum likelihood estimation (MLE) procedure, from which the length and density
distribution of the SWNTs can be reconstructed.
Designing r and θ
The exact values of r and θ (from figure 3.8) for the length and density monitors must
be designed based on the expected range of distributions for the nanotubes that are obtained from our specific growth process. Therefore, statistics on the nanotube length, and
orientation were obtained from AFM and SEM scans as shown in figure 3.9.
Based on these measurements, two assumptions can be made for the PCM design. The
SWNT orientation θ e [0, π) is assumed to be a uniformly distributed random variable, as
justified by the measurement. This is also reasonable, as no deliberate orientation control
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Figure 3.8: Structure of the proposed length and density monitors. a) Device schematic, b) layout
showing the relevant design parameters. The ferritin island is defined to be of 1.6 µm diameter.
The parameters r and θ are defined as shown. By varying r and θ, different structures are obtained. c) Length monitors are obtained by varying r and setting θ to the maximum allowed
within process tolerances. d) Density monitors are obtained by varying θ and keeping r constant.
Adapted with permission from [186]. ©IEEE 2013.

LPCVD growth process: 850 °C, CH4/H2 (145/80 mbar), 12 min growth
a) Tube orientations (SEM)

b) Tube lengths (AFM)
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Figure 3.9: Distributions of a) SWNT orientation and b) SWNT length measured using SEM and AFM
scans on the grown SWNTs. Approximately 200 nanotubes were measured.
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Figure 3.10: Probability plots for the SWNT lengths measured in figure 3.9 assuming a) Log-normal
and b) Weibull distributions. No significant difference between the two distributions is observed
for the relevant range of SWNT length.

is imposed during growth. It follows that the circular concentric design proposed in figure
3.8 follows the contours of equal probability. 1
Two candidate distributions are considered for the SWNT length – Weibull and Lognormal distributions. Both distributions have been reported in literature [239, 240]. For
comparison, probability plots of the SWNT lengths for the two distributions are seen in
3.10. For nanotubes below 1 µm length, the log-normal distribution tends to overestimate
the percentile values, while the Weibull distribution underestimates the percentile values. Nonetheless, they both describe the length distribution well for SWNT lengths above
1 µm . For the rest of this thesis, the Weibull distribution is assumed for its mathematical convenience and flexibility in describing various length distributions; a log-normal
distribution can be used as a valid substitute. For other SWNT growth processes, the
length distributions must be measured and the appropriate distribution must be used in
the model.
The Weibull distribution is described by two parameters a and b, as given by equation
3.1 [241]:
r

f (r | a, b) = ba−b x b−1 e( a )

b

(3.1)

We can now plot the probability of finding a single SWNT at a distance r from the center
of the island. An example with a=7 and b=1.5 is shown in figure 3.11. It is clear that
the probability reduces as we move away from the center, since the fraction of nanotubes
longer than the gap size continues to decrease (the exact fraction is given by 1 − F (r | a, b)
b
where F (r | a, b) = 1 − e−(r/a) is the cumulative Weibull distribution).
1

If there is preferential orientation, the model may be modified, for instance, by using elliptical rather than circular
electrodes to follow the equal-probability contours.
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Figure 3.11: Probability of finding a nanotube as a function of radial distance r from the center of the
ferritin island, for a Weibull length distribution with a = 7 µm and b = 1.5. (inset: contours of
equal probability depicting the radial symmetry from unoriented SWNT growth.)

Next, run-to-run fluctuations that can occur in the length and density distributions must
be considered. In this case, it is assumed that a and b fluctuate around a mean value with
a normal distribution, as a = 7 ± 1 and b = 1.5 ± 0.9 (mean ± standard deviation). The
meta-distribution resulting from this fluctuation is shown in figure 3.12. The design values
for r are chosen approximately at equal percentiles from this graph. The lower limit of the
length scale is set by the capabilities of the lithographic technology to r = 2 µm .
The number of SWNTs growing from each island, ρ, represents the SWNT surface density. This can only be described by a positive-support, categorical distribution, since the
number of SWNTs cannot be negative or a fractional number. The number of catalyst
particles per unit area on the substrate follows a Poisson distribution with parameter N
(assuming the adsorption is random). If each particle in the unit area nucleates an SWNT
with a certain probability p, it follows that ρ must follow a Poisson distribution, with its
parameter λ given by λ = p × N. The probability of finding k nanotubes growing per unit
area therefore is given by equation 3.2:
λk e−k
(3.2)
k!
Furthermore, due to the uniform distribution in θ, it can be said that the probability of
bridging a single nanotube is directly proportional to the spanning angle of the electrode.
For instance, a circular arc of 180◦ has two times the probability of contacting a nanotube
compared to an arc of 90◦ . Therefore, the bridging probability can be uniformly sampled
by sampling θ uniformly (the maximum possible angle is limited by lithography to 270◦ ,
so the range between 0◦ and 270◦ is divided into six equal parts).
With the sampling positions for r and θ decided, the matrix of resulting points is sampled
as shown in figure 3.13. Indeed, this matrix can be sampled for ten points in over 2 million different combinations. The design chosen here is shaded in blue. When compared
to several other sampling options, it was found that the design shown here was optimum
Pois(k; λ) =
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Figure 3.12: a) Length distribution of nanotube adjusted for run-to-run fluctuation. The fluctuations
in a and b are assumed to be normally distributed as a = 7 ± 1 and b = 1.5 ± 0.9. b) The cumulative probability of the distribution from a), which is divided into six equi-percentile intervals.
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with respect to the precision of the estimate, especially at low device count. Details of this
analysis are discussed in Appendix C.
By assuming standard statistical distributions for length and density of nanotubes, the
problem of estimating these distributions is reduced to the estimation of the parameters
of the assumed distributions. Estimating the parameters ( a, b) allows us to generate the
(Weibull) length distribution, while estimating λ gives us the (Poisson) density distribution. The theoretical basis for estimating these parameters is developed in the next section.
Estimating Length and density from bridging frequency

To estimate the length and density distributions of SWNTs from bridging frequency measurements on length and density monitors, we start by estimating the bridging probability
for each monitor structure. For the rest of this discussion, the pair (r, θ) will represent each
electrode design (part of either a length or a density monitor).
Using the Weibull distribution described in equation 3.1 for length, we can calculate the
probability of a nanotube originating from the catalyst island and crossing a (concentric)
circle of radius r as
Pr ( B = 1| N = 1) =

Z∞

f ( x | a, b)dx = (1 − F (r | a, b))

(3.3)

r

here P( B = 1| N = 1) stands for the probability that bridging occurs at radius r when
a single SWNT is originating from the island. f and F are Weibull probability density
function (pd f ) and cumulative density function (cd f ) respectively.
Now if we have an arc of angle θ instead of a full circle of radius r, we can modify this
probability as
θ
(1 − F (r | a, b))
(3.4)
2π
Next, we must account for multiple bridging events, as more than one nanotube can
originate from the island. So we can write
Pr,θ ( B = 1| N = 1) =

∞

p(r, θ ) = Pr,θ ( B = 1|r, θ ) =

∑ Pr,θ ( B = 1| N = n) × P( N = n)

(3.5)

n =1

Now P( N = n) can be written in terms of P(N=1) – i.e., the probability of nucleation, if
we assume that nanotube nucleation events are independent of each other. The first term
of the summation can be written as
Pr,θ ( B = 1| N = n) = 1 − (1 − Pr,θ ( B = 1| N = 1))n

(3.6)

which essentially states that in order to have a bridging event, at least one of the n nanotubes must bridge across the electrodes. The second term of the summation in equation
3.5 is given by the Poisson distribution, which gives the probability that n nanotubes nucleate from an island (equation 3.2). Combining these equations, we can calculate the final
form of bridging probability as a product of the distributions [242]: 1
1

This is valid in the case that the nanotube density and length distributions are independent variables; this has
been verified for this growth process at low and medium tube densities. See [243] for further details.
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∞

p(r, θ | a, b, λ) =

∑

n =1




n 
θ
1− 1−
(1 − F (r | a, b))
× Pois(n; λ)
2π

(3.7)

In the next step, the bridging probability described in equation 3.7 must be related to the
bridging frequency as measured experimentally. If an event with bridging probability p is
repeated multiple times (for example, in electrical measurement), the pattern of outcomes
follows a Bernoulli process, and the aggregate number of successes follows a binomial distribution. The likelihood of observing s bridging events when the measurement is performed
M times, given by p0 , can be written in terms of the bridging probability p as follows:
 
M s
p0 (s) = P{ B = s| M, p(r, θ | a, b, λ)} =
p .(1 − p ) ( M − s )
(3.8)
s
p0 gives the likelihood for one (r, θ ) combination. However, to obtain the best-case estimate of the length and density distributions of the SWNTs, we must pick the maximum
likelihood for not only one (r, θ ), but maximize the joint likelihood of all structures together.
We define the joint likelihood as


L = log 

∏

p0 

(3.9)

∀(r,θ )

This joint likelihood is now maximized with respect to ( a, b, λ). The maximization is performed in MATLAB with the standard fminsearch function, and 99% likelihood intervals
can be calculated. The ( a, b, λ) corresponding to maximum likelihood are then utilized to
generate the length and density distributions for the SWNTs.
3.4.1 Experimental validation

The validity of the proposed PCM framework must be first verified independently through
experiments. For the verification step, 240 devices for each (r, θ ) were fabricated (2400
electrode pairs in total). The SEM images of some typical length and density monitor
structures are shown in figure 3.14. Part of the results presented here were published in
[186].
Electrical measurements on these devices were performed using a manual probe station
coupled to the CNFET measurement setup described in Appendix B. Transfer curves were
recorded by varying Vg between -10 V and +10 V, while Vds was maintained at 100 mV.
The devices showed either semiconducting behavior with a dominant n-type conductivity
or small-gap semiconducting (sgs) behavior with no OFF-state. Therefore, the resistance
measured at Vg = +10 V was chosen as the threshold. Resistances > 100 MΩ were classified
as ‘0’, while resistances < 100 MΩ were classified as ‘1’. The bridging frequencies were
calculated as the ratio of the total number of ‘1’s measured to the number of electrode
pairs measured (=240 in this case). The MLE procedure described in the previous section
was applied to estimate ( a, b, λ). The results of the fit are shown in figure 3.15 The final
estimated values were a = 6.91 (+2/-1.4), b=1.34 (+0.8/-0.6) and λ = 0.36 (±0.06).
Using the fitted values for ( a, b, λ),the length and density distributions were generated
as shown in figure 3.16a and b respectively. These distributions are the final result of the
estimation procedure. For independent verification of the generated distributions, SEM
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a

b
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20 m

c

d
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Figure 3.14: SEM images of fabricated length and density monitors (Run KC09). a) One length monitor b) An example of a single nanotube bridging across the smallest electrode gap (r = 2.5 µm , θ
= 270◦ ). c) A density monitor. d) Two nanotubes originating from underneath the inner electrode
out of which one of them bridges to the outer electrode (r = 3 µm , θ = 135◦ ). Reproduced with
permission from [186]. ©IEEE 2013.
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Figure 3.15: Results of the electrically measured bridging frequencies (in green) and the MLE fit (blue)
for a) length and b) density monitors. All ten bridging frequencies are fitted jointly, as described
in equation 3.9. Reproduced with permission from [186]. ©IEEE 2013.
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Figure 3.16: Comparison of the MLE-generated and measured distributions. a) Length distribution
and b) density distribution generated from the MLE-estimation procedure based on bridging
frequency measurements of length and density monitors. The MLE-estimated ( a, b) and λ are indicated. c) AFM-measured length distribution. The values resulting from a Weibull fit are shown.
d) density measurements from the SEM. The λ-value resulting from a Poisson fit is shown. Adapted with permission from [186]. ©IEEE 2013.
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Figure 3.17: Effect of reduced SWNT density. a) SEM measurement shows a general shift of the Poisson distribution to the left, and the corresponding λ decreases from 0.36 (run KC09) to 0.15 (run
KC14). b) The MLE estimation procedure yields λ=0.14, which is well within the error margins
of the measurement. Adapted with permission from [186]. ©IEEE 2013.

(after electrical measurements) and AFM measurements were done on nanotubes grown
in the same run (figures 3.16 c and d). These resulted in a = 4.8 ±0.6, b = 1.32 ±0.13 and λ =
0.32 ± 0.07. The MLE estimates for b and λ are accurate and agree well with the measured
distributions. However, the length distribution measured with the AFM shows that the
measured nanotubes are generally shorter than those predicted by MLE. When the 99 %
likelihood intervals are taken into consideration, a better match is obtained. It must be
noted that the device count of 240 is relatively low and results in a large uncertainty for the
parameters. Therefore, a better match may be obtained for larger device counts. Another
possible explanation is that the fraction of nanotubes longer than 8 µm is underestimated
by the AFM, due to the limited scan size (15 µm and 20 µm scan sizes were used).
3.4.2 Perturbation detection

The verification of the validity of the PCM framework is not complete unless its capability
to detect variations in the process is demonstrated. To this end, a variation was deliberately introduced in the process flow by modifying the parameter λ, and the measurementestimation-verification cycle was carried out. Reduction in λ was accomplished by reducing the catalyst particle density. The results are shown in figure 3.17.
SEM measurements on devices fabricated in this run showed that the nanotube density
indeed decreased to λ = 0.15 ± 0.05. MLE estimation of approximately 250 devices measured in this run resulted in λ = 0.14 ± 0.07, which agrees remarkably well with the SEM
measurements.
3.4.3 PCM Resolution

The resolution of the PCMs is defined as the distance between two parameters of the same
type (one of ( a, b, λ)) which are one 99% likelihood interval apart. The size of the likelihood interval is dependent on the number of devices measured. To gain a better understanding of this dependence, Monte Carlo simulations were performed as a substitute for
real measurement points. The bridging frequencies obtained from assumed parameters
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Figure 3.18: 99 % likelihood intervals vs. No. of Monte Carlo trials for a)a, b) b and c)λ respectively.
The number of trials varies from 100 to 50000. Parameters assumed for the trials are shown.

( a, b, λ) were used as the inputs to the MLE script. The size of the likelihood intervals
was estimated as a function of the number of Monte Carlo trials. The results are shown in
figure 3.18.
A similar pattern of interval decrease is observed for all the parameters. This plot can
be used to estimate the required number of PCMs to be included on the wafer in order to
obtain the desired degree of precision. A trade-off between the resolution of perturbation
detection and the number of PCMs (which affects both the wafer area and measurement
time required) must be made depending on the application and the level of control possessed over the process. The rate of decrease of the intervals is highly non-linear, and the
advantage gained by going above ∼ 5000 devices is marginal.
Referring back to figure 3.17, we can see that it is indeed possible to distinguish a decrease in λ from 0.36 to 0.15 for 240 trials, since the resolution of the PCMs is better than
0.2 at 240 trials.
3.4.4 Valid estimation range

Although the design of the PCM structures was performed based on assumed length and
density distributions, the actual range of parameters over which the model is valid is of
particular interest, since this determines the range of perturbations that the PCM framework is able to detect. Due to the difficulty in producing controlled parameter variations
by experiment, bridging frequencies generated by Monte Carlo simulations (10000 trials)
were used as a substitute for experimental data. The MLE procedure was applied on the
Monte-Carlo data to estimate the length and density distributions. At a given time, only
one of ( a, b, λ) was varied during Monte Carlo simulations. The results of these simulations are shown in figure 3.19. The estimated values for ( a, b, λ) are normalized with
respect to the values assumed for the Monte Carlo simulations.
The accuracy of the estimate is then given by how close the estimate is to 1; the precision
is given by the error bars. The estimation for a is fairly accurate up to a=30 µm , but a
gradual increase in the likelihood intervals is observed. The estimation accuracy degrades
beyond 30 µm . For the shape parameter b, the accuracy degrades below b=1, while it
remains unchanged up to b = 6 1 . However, the density distribution estimation appears to
remain accurate without any apparent degradation even at λ=50 (which corresponds to
1

b=6 is already a very narrow distribution.
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Figure 3.19: PCM range estimation at 10000 Monte Carlo trials for a) a, b) b and c) λ. The 99 %
likelihood intervals for each measurement are plotted. For each plot, only one of the parameters
is varied while the other two are held constant as indicated.

50 nanotubes per island); the precision degrades mildly above λ=20, but well within 10%.
Indeed, at such a high density, the assumptions made about the growth process such as
independent nucleation of nanotubes begin to break down. Therefore, the accuracy of the
density estimates can be assumed to be valid throughout the practically relevant density
range 1 .

3.5 Device monitors
To collect transistor parameter distributions, source and drain electrodes must be formed
to contact the nanotubes, with the substrate serving as the back-gate. Typical transistor
parameters to be quantified include threshold voltage, ON-state current, ON/OFF ratio,
subthreshold swing, and in case of CNFETs, type of device (semiconducting or sgs) and
hysteresis width. Device monitors are structures designed for this purpose.
The goal of the device monitors is to enable the measurement of device parameters in
the same step as length and density measurement, with minimum overhead with respect to
fabrication and electrical measurement. The basic criterion for their design is to maximize
the contribution of single-tube devices to the collected parameter statistics. This is useful
for several reasons:
• It ensures that the fraction of metallic devices is kept to a minimum (see figure 3.7 for
the effect of metallic tubes on device yield).
• It simplifies the application of physical models to extract nanotube properties. Modeling transport in a single-nanotube device is less complex than multi-tube devices
and enables the extraction of physical parameters such as band gap, contact transmission, nanotube resistance and doping level.
It must be noted that the length and density monitor structures also produce CNFETs,
but their design goal is different – they are not optimized for maximizing single-bridging
yield. In principle, by reducing the electrode gap size, increasing SWNT density and using
1

The practically relevant range for λ is typically between 0.1 and 5.
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Figure 3.20: Snapshot of a Monte Carlo simulation for the design of device monitors. One set of 20
electrodes can be seen. The catalyst islands are 2×4 µm and colored yellow. Four different types
of connections can be seen: intersections, single-ended connections and loops, which are marked as
bad segments and not counted, and good segments which include single or multiple tubes bridging
across two electrodes. Image courtesy: Dr. Cosmin Roman. Reproduced with permission from
[185]. ©IEEE 2013.

circular electrodes, nearly 100% bridging yield can be obtained; however, the yield of
single-bridging nanotubes is not necessarily optimized (see ref. [191] for another example).
Rather than targeting 100% bridging yield, a moderate yield design with a large singletube device fraction is targeted.
3.5.1 Device monitor design

The proposed electrode design consists of blocks of 20 electrodes arranged in 10 opposing
pairs separated by an electrode gap r. Monte Carlo simulations are used to optimize the
electrode design. The Monte Carlo simulations were performed by Dr. Cosmin Roman at
Micro and Nanosystems, ETH Zurich. Parts of this study were published in [185].
In addition to the electrode geometry, other inputs to the Monte Carlo simulations include the length and density distributions of the nanotube (the estimates from the previous section were used) and the size of the catalyst islands. A snapshot of one of the Monte
Carlo simulations can be seen in figure 3.20.
The catalyst islands are designed to be 2 × 4 µm with a nanotube density corresponding
to λ = 0.36 (i.e., about 3 nanotubes per island of size 2 × 4 µm , as estimated from the density monitors). The nanotube lengths are chosen from the Weibull distribution. For each
Monte Carlo trial such as the one shown in figure 3.20, the number of ’good’ segments
(parallel-bridging nanotubes), is counted. Loops, single-ended connections and intersections are not counted. This design concept is further optimized with respect to electrode
gap size in order to maximize the yield of single-tube devices.
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(a) Simulation
1024 Monte Carlo trials
8
6
4
No. of devices per 20 islands

Figure 3.21: a) Example of
bridging yield data obtained from Monte Carlo
simulations. A gap size
of 2 µm was used.
b)
The average number of
bridging events recorded
experimentally from three
sets of 20 islands. The
measurements show good
agreement with the model.
Inset: An example of an
AFM scan used to measure
the bridging yield. The
area covered (in the next
step) by the electrodes are
shown as dashed lines. Reproduced with permission
from [185]. ©IEEE 2013.
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3.5.2 Device monitor Optimization

As a preliminary step, a 2 µm channel was chosen to test the Monte Carlo simulations. The
results of 1024 such trials are shown in figure 3.21a. Typically, between 6 and 9 single-tube
devices are formed for each set of 20 electrodes, in addition to ∼ 1 double-tube device and
nearly no devices with more tubes in the channel.
To verify this result, AFM scans on about 60 islands were collected and the bridging
events were counted by superimposing the electrode structures, as shown in figure 3.21b
(AFM shown in inset). The experimental results match the simulations well, with 8 singletube and 1 double-tube device observed on average for a set of 20 electrodes.
Next, the electrode gap was varied and the bridging frequencies were calculated. Two
relevant quantities must be defined at this stage:
1. Single-bridging yield (SBY): This defines the total yield of single-bridging devices.
This fraction is defined with respect to the maximum possible number of devices for
a set of 20 electrodes, which is 19.
2. Single-bridging fraction (SBF): This quantity defines the proportion of single-tube
devices in the obtained devices.
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Figure 3.22: Single-tube bridging yield (SBY), single-tube fraction (SBF) and the joint function F = SBY
× SBF are plotted as a function of the electrode gap size in the 20-electrode design. Monte Carlo
simulations (512 trials) were used to estimate the yield.

For example, if a total of 6 devices are formed for a set of 20 electrodes, of which 5 are
single-tube devices, SBY = 5/19 and SBF = 5/6. It is important to ensure that not only the
number of single-tube devices, but also the fraction of single-tube devices present in the
measured statistics is maximized.
The effect of varying the electrode gap on SBY and SBF are shown in figure 3.22. The
single-bridging yield decreases monotonically as the electrode gap is increased; this is
intuitive, as the probability of a nanotube bridging decreases. However, at the same time,
SBF increases; This is also reasonable, since with decreasing probability of bridging, the
probability of multiple bridging events becomes even rarer. For optimization, we define
the joint function F = SBY × SBF. This function peaks at 2 µm – this corresponds to a
total device yield of about 45%, of which about 82% of the devices are single-tube (this
corresponds to SBY = 39%).
We can benchmark this electrode-array design to the length and density monitor structures discussed earlier. Monte Carlo simulations were run on structures similar to those
shown in section 3.4. The gap size was kept at 2 µm . A snapshot of this simulation as well
as the collated results from 1024 simulation trials are shown in figure 3.23.
We can use the definitions of SBY and SBF for comparison with the previous design. At
2 µm distance, the SBY of the circular design is about 20.3%, while it is close to 40% for
the electrode array. An even more drastic effect is seen on SBF – although the total device
yield is about 75%, only 25.4% of the devices contributing to the parameter statistics are
actually single-bridging. (Ref. [191] discusses a similar design with square instead of
circular electrodes– the yield of semiconducting nanotubes is 25%, but fraction of singletube devices not shown). Therefore, the electrode array is considered to be a better design
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Figure 3.23: a) Snapshot of a Monte Carlo simulation trial for the circular electrode design at 2 µm gap
size. b) Bar plot of number of devices obtained vs. the number of nanotubes included in the
device channel. The SBY and SBF values for this design are shown. Image courtesy Dr. Cosmin
Roman. Reproduced with permission from [185]. ©IEEE 2013.

for the purpose of collecting single-tube device parameter statistics.
3.5.3 Experimental results

Figure 3.24 shows examples of device monitors fabricated using the process flow described
in 3.2. The electrodes are Au/Cr, and nanotubes bridging across them are visible.
The Id Vg sweeps for these devices were measured using the setup described in Appendix B. The results from a single process run (#KC09, see Appendix E for details of other
process runs) are shown first. Four samples of 16 × 16 mm with four 4 × 4 mm chips each
were fabricated in this run. The devices were measured using linear voltage pulses of 1
ms duration (see [62] for more information on gate waveforms). This is considered to be
sufficient to extract all the desired device parameters.
Device yield

The measurements resulted in a total of 473 devices (device yield =52%): 273 n-type
(57.7%) and 200 (42.3%) sgs devices (it must be noted that the yield described in the following sections purely refers to the fraction of functional transistors with respect to the
expected theoretical maximum. It does not include the effect of long-term fluctuations or
further back-end processing). However, this number still includes the intersecting tubes,
which will also give an electrical signal. It is currently not possible to distinguish tube
intersections electrically, due to which the measured device count is slightly higher than
expected from the Monte Carlo simulations in figures 3.20 and 3.21 (45%). The semiconducting fraction from simulations is expected to be between 56 and 65% (see figure 3.21)
which agrees well with the measurements. The semiconducting devices obtained in this
process run were all n-type. Some devices exhibited a small p-branch, but the n-branch
conductivity dominated in all devices.
The break-down of the number of devices per chip are summarized in Table 3.4. The
number of semiconducting devices is shown in brackets.
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Figure 3.24: a) SEM image of one device monitor array of 20 electrodes. b) Close-up of an array
showing a bridging SWNT. All electrodes are Au/Cr, and the devices are passivated with 40 nm
Al2 O3 .

Chip#1
Chip#2
Chip#3
Chip#4

Sample#1

Sample#2

Sample#3

Sample#4

28(16)
34(21)
23(14)
36(16)

32(13)
34(11)
14(9)
29(16)

42(35)
30(15)
19(7)
37(18)

31(19)
36(27)
16(11)
30(25)

Table 3.4: Device yield for each chip from run KC09. The total number of devices are shown, with the
number of semiconducting devices indicated in brackets. The remaining devices are sgs.

Figure 3.25: Transfer characteristics measured
for all the semiconducting devices from
run# KC09. The current is plotted on a logarithmic scale. 1 ms gate voltage pulses
were used.
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Parameter distributions

Figure 3.25 shows the transfer characteristics of all the semiconducting devices obtained
in this process run. The noise limit of the measurement setup was around 1 nA. The
ON-current varies between 10−6 and 10−8 A, while the threshold voltage appears to vary
between -2 and +2 V. A better understanding can be obtained by plotting histograms of
the parameter distributions. These results are plotted in figure 3.26. The cumulative frequencies (cdfs) are also plotted. The cumulative frequency plots give an impression of the
spread (10 to 90 percentile) and median (50 percentile) of the distribution. The results for
each parameter are discussed below.

• ON-state current: The ON-state current (figure 3.26a,b) is extracted at Vg = +10 V and
Vds = +30 mV. The distribution varies over one order of magnitude (10 to 90 percentile). This considerable variation in current could have several possible causes. Variations in nanotube diameter (i.e., band gap) as well as (uncontrolled) resist residues
affect the contact barriers significantly. Changes in transmission barrier leads to exponential variations in channel current, which might explain the large dispersion
observed. The nanotube length variation (2-3 µm ) and quality also have an effect,
although this is thought to be a smaller contribution. In a recent study, Zhang et
al. [238] observed nearly one order of magnitude variations in current on devices
fabricated on the same nanotube. This further suggests that process residues may actually be the largest source of the dispersion. The ON-state resistance corresponding
to the median current is 206 kΩ .
• Threshold voltage: The threshold voltage (figure 3.26c,d) was extracted using an
automated routine as the Vg – intercept of the line drawn at the maximum slope of
the forward sweep in the Id Vg – curve. The spread from 10 to 90 percentile is about
2 V. This is a 10% fluctuation for a gate sweep span of 20 V (-10 to +10 V), indicating
that the threshold voltage is remarkably stable. The median threshold voltage is
about – 0.25 V.
• Hysteresis width: The hysteresis width (figure 3.26e,f) is calculated as the difference
between the threshold voltages extracted from forward and reverse Id Vg – sweeps
using 1 ms gate voltage pulses. The median hysteresis width is calculated to be 2.5 V.
It must be noted that the hysteresis width is dependent on the gate sweep rate (or
pulse width).
• ON/OFF ratio: The ON/OFF ratio (figure 3.26g,h) is calculated as the maximum ONstate current divided by the OFF-state current. In this case, the OFF-state current is
limited by noise; the setup noise level was about 1 nA, due to which the ON/OFF
ratio is between 10 and 100. However, more precise measurements using quasi-static
linear sweeps (statistical data not available due to the long sweep durations) on some
of the devices showed that the ON/OFF ratio improved from less than 100 to over
105 (again, setup-limited off-state current to 10−12 A) suggesting that the leakage
current in the OFF-state is even lower; consequently, the actual ON/OFF ratio is
thought to be even higher. However, some irregularities and peaks in the channel
current were observed occasionally in the OFF-state, which is thought to be due to
contamination-induced states in the electronic band gap.
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Figure 3.26: Parameter statistics obtained from device monitors. The cumulative distribution functions (a,c,e,g) and the histograms (b,d,f,h) for each parameter are plotted.
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Figure 3.27: The cumulative density functions for a) ON-current and b) threshold voltage for the four
chips processed in the run KC09.

These results are consistent with other reports [205] of single-tube device statistics. However, this also highlights the key issues associated with single-tube integration and the necessity for process monitoring – a spread of 1-2 orders of magnitude in resistance, together
with issues such as hysteresis and threshold voltage fluctuations must be tackled before
nanotube integration can be truly viable for commercial applications.
3.5.4 Chip-to-chip variation

A break-down of the distributions for ON-state current and threshold voltage measured
for each of the four chips is plotted in figure 3.27. The four different chips in this run produced similar distributions within the expected fluctuations. The two-sample KolmogorovSmirnoff test may be applied to check if the distributions belong to the same underlying
distribution. In this test, the cumulative density functions of the relevant distributions are
compared. The test yields a 0 if the null hypothesis (that the distributions are the same)
are satisfied, and a 1 if an alternative distribution is better. The current and threshold
voltage distributions from the four chips pass the two-sample Kolmogorov-Smirnoff test
at a 5% significance level, which indicates that the underlying distribution from which
these measurements are sampled may be the same.
It is important to note that while this data shows that the process is stable across different chips, it cannot be taken as proof of spatial uniformity. Although the growth, metalization and passivation steps were performed in parallel on all chips and their relative
placement was maintained during the process run, the lithography steps are serial. Therefore, variations induced from the lithography step may also affect the measured distributions due to which true spatial variations cannot be quantified. The results of wafer-scale
uniformity are discussed in section 3.6.
3.5.5 Run reproducibility

Using device monitors, the reproducibility of the parameter distributions across different
process runs can also be probed. For this comparison, statistics obtained from two process
runs (KC09 and KC13) are analyzed in figure 3.28.
Run #KC13 consisted of fewer devices (31 n-type, due to fewer chips in the fabrication run at lower catalyst density), due to which the cdfs obtained are less smooth than
the those of KC09 (273 n-type). Nevertheless, the similarity in the two distributions is
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Figure 3.28: Parameter statistics compared for two different process runs (KC09 and KC13). The cumulative distribution functions for on-state current and threshold voltage are compared.

discernible– the median values agree remarkably well for both the threshold voltage and
the ON-state current. Furthermore, the distributions again satisfy the two-sample Kolmogorov-Smirnoff (K-S) test at a 5% significance level. This suggests that the process is reliable,
but the process may need to be repeated several times to estimate the run-to-run variability accurately.
3.5.6 Detecting process variation

In order to ascertain the utility of the device monitors in measuring process perturbations,
the process flow was modified by introducing a protective aluminium oxide layer after
growth, which prevented contact between the resist and the nanotube. This process was
investigated in collaboration with Wei Liu at Micro and Nanosystems, ETH Zurich. A
detailed investigation of this process flow can be found in [55].
Resist residues are expected to increase the nanotube contact resistance by creating a
barrier between the metal and the nanotube at the contacts. [54] These residues can be
avoided by using a thin Al2 O3 layer as protection and etching it away before contacting.
This is in turn expected to decrease the contact resistance. Avoiding residues in the vicinity of the nanotube channel is also expected to decrease the hysteresis width, as fewer
charge traps are available in their absence. Figure 3.29 shows a comparison of the on-state
current and the hysteresis width of the devices fabricated with and without the protective Al2 O3 layer. The difference between the distributions is evident. The two-sample K-S
test shows that the distributions for both the ON-resistance and the hysteresis are in fact
different.
This experiment not only shows that the protective layer reduces the contact resistance
and hysteresis, but also suggests that differences arising from process variations can be
detected using statistics gathered from the device monitors.

3.6 Implementation on 100 mm wafers
The goal of this section is to verify the validity of the fabrication process and the PCM
framework described in the previous sections on a 100 mm wafer. Although in principle
all the steps in the fabrication process are parallel processes, the successful transfer of
this process to wafer-scale is not necessarily simple. To quantify this risk, a failure mode
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Figure 3.29: Parameter statistics compared for the standard and the perturbed process. a) The ONresistance measured at Vg =+10 V with and without the protective ALD layer. b) The hysteresis
width measured with and without protective layer.

and effects analysis (FMEA) of the process steps was performed before implementing the
process, as shown in table 3.6.
Several conclusions can be drawn from this analysis. The parameters for photolithography such as exposure time, resist thickness and development time will most likely vary
based on sample size. Furthermore, this step is utilized several times during the process,
making its reliability important. However, while the possibility is high that the parameters
require adjustment, there are well-established guidelines for optimizing photolithography
processes and therefore the risk of failure is low. The RIE process used to define markers is
of low importance; the shape and precision of the marker structures is mainly determined
by the photolithography step, but their visibility during fabrication depends on the etch
depth; the marker visibility suffers in case of etch rate fluctuation. However, this is solved
easily by adjusting the etch duration. The metal contact-patterning step is similar– the pattern shapes and the feasibility of lift-off are dependent on the photolithography, and the
metal evaporation step can impact the process mainly through the uniformity of the metal
layers (particularly the Cr adhesion layer). The manufacturer-specified tolerance for the
evaporator is 10% on a 100 mm wafer, which is expected to be adequate. The final passivation process is medium-impact but low-risk as a passivation failure is deemed unlikely;
ALD is a highly uniform, conformal and large-area-compatible process, and failures in
film quality are of low probability. The specified thickness tolerance is 1%.
Ferritin adsorption is a home-made process that has not been tested on a wafer-scale.
The impact of a failure is very high, as the catalyst surface density to some extent determines the density of the nanotubes. Failure of the nanotube growth process has the strongest
impact, resulting in poor device yield or poor device performance. However, the risk of
these two crucial steps failing is unknown, as there is no previous data available.
3.6.1 Modifications to the fabrication process

The modifications made to successfully migrate from chip to wafer-scale are summarized
below:
1. Photolithography: the exposure dose was increased from 6.2 J/cm2 to 6.5 J/cm2 . Development time was increased from 1 min to 2 min. Baking temperature was re-
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Table 3.5: A Failure Mode and Effects Analysis (FMEA) of the possible issues in porting a working integration process from chip-level to wafer
level.
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duced from 180 ◦ C to 150 ◦ C . These modifications were empirically determined and
are speculated to be due to the sample-size dependent variations of the photolithography equipment.
2. RIE: the etch duration for SiO2 was increased from 5 minutes to 6 minutes to increase
the visibility of the markers.
3. Ferritin adsorption: the plasma pre-treatment duration after island definition was
increased from 30 s to 60 s. This was necessary to ensure that no PMMA residues
remained in the islands.
4. SWNT growth: using the standard 15 min growth recipe, it was found that the tube
yield was extremely low (less than 0.1%). In order to obtain the right density, the
catalyst density was increased instead of changing the growth recipe. 1
3.6.2 Electrical Measurements

Once the devices were fabricated, the next challenge was to measure thousands of devices
within a reasonable amount of time. An automatic probing solution was implemented
using the Summit 12000 AP probe station (Cascade Microtech) in conjunction with an Agilent B1500A semiconductor parameter analyzer (see Appendix B for details). The automatic wafer-scale measurement was implemented by programming the B1500A to control
the stage movement of the probe station and recording the transfer curves for each device.
Due to the different needle configurations necessary to probe the entire wafer, it was
not possible to probe all the electrode combinations on the wafer in the same pass of the
measurement (for instance, it is not possible to measure two electrodes adjacent to each
other with the same probe positions as for measuring opposing electrodes). Therefore, the
measurements were done in several passes through the wafer, each time with a defined
needle arrangement.
Furthermore, the statistical nature of tube bridging means that it is not possible to predict which pair of electrodes will contain a bridging nanotube. Therefore, a device classification algorithm was implemented to classify the measurements into three categories:
open connections, n-type and sgs. The classification and data analysis was done using
MATLAB.
In the following sections, we will first consider the results of length and density monitors, followed by device monitors.
3.6.3 Results and discussion: length and density monitors
Independent estimation of SWNT length distribution

AFM scans were done across the wafer to obtain data from about 45 islands. Due to the
time-consuming nature of AFM, it was not possible to investigate length and density information locally on different areas of the wafer. Data from 167 nanotubes were collected
to obtain the length distribution shown in figure 3.30. A Weibull distribution fit on this
data yielded a = 3.02 µm and b = 1.55.
The average nanotube length was shorter than those on small chips (run KC09, where
a = 6.91 µm ). It is believed that a larger latent period (where there is no growth) at the
beginning of the growth exists on wafer-scale, due to which the average length at the end
1

In subsequent trials, it was found that increasing the growth time from 15 min to 20 min increased the SWNT
density, and a dramatic increase was observed at 30 min growth time.
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Figure 3.30: Length distribution of SWNTs on the wafer. A total of 167 nanotubes were measured. The
red solid line shows the fitted Weibull distribution, with parameters a = 3.02 µm and b = 1.55.
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Figure 3.31: Results from length and density estimation on the wafer. A total of 960 devices were
measured for each electrode pair. a) Bridging frequencies for length monitors and b) density
monitors. Both measured and estimated values are shown. c) Estimates for length distribution
generated from AFM measurements compared to the estimate from the MLE fit. d) Density distributions obtained from the AFM (black solid) compared to the distribution obtained from the
MLE fit (red dashed). Samples are from run KC-F4.
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Figure 3.32: a) A 100 mm wafer with over 4000 CNFETs. b) Wafer map showing the number of devices
across the wafer. Only the device monitor structures are shown. The black areas in the wafer
contain the length and density monitor structures. Samples are from run KC-F4.

of 15 min growth is shorter 1 .
The nanotube density was increased to compensate for the shorter length, in order to
maintain the yield of the devices. The 167 tubes observed in the AFM scan originated from
45 2 × 4 µm islands, indicating a density of about 0.46 tubes per µm 2 . This is equivalent
to a Poisson distribution with parameter λ = 1.47 tubes per island.
Electrical measurements

Bridging frequencies were collected from wafer-scale measurements as described earlier
using an automated prober. A total of 960 devices of each (r, θ ) combination (9600 electrode pairs) were probed. The measured bridging frequencies are plotted in figure 3.31.
MLE estimation on the bridging frequency yielded a = 2.94 µm , b = 1.48 and λ = 1.26 respectively. The results of bridging frequencies obtained from the MLE fit for the estimated
parameters are also shown in figure 3.31 a and b. From these estimates, the length and
density distributions were generated and compared to the independent measurements
from AFM, as shown in figure 3.31 c and d. A good agreement is obtained between the
AFM data and the estimated distributions from the length and density monitors.
3.6.4 Results and discussion: Device monitors

A picture of the fabricated wafer and the wafer-map are visible in figure 3.32. Figure 3.32b
shows the intensity plot of the number of devices (from the device monitor structures) on
different chips on the wafer.
Device yield

In total, 4463 devices were measured from a maximum possible 9348 electrode pairs, resulting in a device yield of 47.7% 2 . Semiconducting devices were all n-type transistors
with a small p-branch, and constitute 60.5% of the working devices. In other words, the
fraction of semiconducting devices was 29% from the complete wafer 3 .
1
2
3

Preliminary data showed that the nanotube length and density increased substantially for 30 min growth time.
Again, this refers purely to the fraction of functional transistors.
A drop in the number of devices was observed at the bottom left part of the wafer. This is believed to be due to
a scratch that was visible on this part of the wafer, possibly damaging the oxide. Chips affected by this damage
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Figure 3.33: a)The cumulative frequency plot of the number of devices per chip. b) The frequency
distribution of the number of devices per chip across the wafer. A normal distribution fit indicates
that an average of 26.5 ± 10.8 devices are to be expected per chip.
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Figure 3.34: Transfer curves for all the semiconducting devices on the wafer (run KCF4). The transistors were measured at
Vds = +100 mV, and Vg was varied from
−10 V to +10 V and back to −10 V. The
sweep rate is about 10 V/s.

A plot of the number of devices per chip on the wafer is shown in figure 3.33. A normal fit on this distribution shows a good fit with a mean µ = 26.5 devices per chip, and a
deviation σ = 10.8. This variation can be compared to the expected fluctuations in the
Monte Carlo simulations. Per set of 20 electrodes, the Monte Carlo simulation (recall
figure 3.21) predicts a device yield between 5.5 and 11.5 devices (−σ to +σ, including
multiple-bridging events). Therefore, per set of 60 electrodes, the expected number of
devices should vary between 17.5 and 34.5; On the wafer, we obtain between 15.7 and 37.5
devices on average. This indicates that the measured fluctuation is only marginally larger
than the expected fluctuation from purely random variation.
Transfer characteristics of all the semiconducting devices obtained from the wafer are
shown in figure 3.34. Parameter distributions can be extracted from this set of curves, as
discussed in the next section.
Parameter distributions

The collated parameter distributions are shown in figure 3.35. The ON-resistance shows
a spread from about 30 kΩ to 1 MΩ, with a median resistance of 122 kΩ . This term was
calculated at Vg = +10V for the n-branch. The ON/OFF ratio is calculated as the ratio
of the drain current at +10 V to the current in the off-state of the transistor. In this case,
we are again limited by the capabilities of the measurement setup, which had a noise
level between 10 and 100 pA. The threshold voltage shows a sharp peak between -2 V
and 0 V, with almost 75% of the devices falling in this range. The hysteresis width, on
the other hand, is a broad distribution, indicating a wide range of time constants for the
contributing charge traps.
These results can be compared to reports from other groups that have measured statistics (on wafer or chip level) of individual or few-tube carbon nanotube transistors. This
summary is shown in table 3.6. It must be noted that the parameter distributions strongly
depend on the architecture of the device; it is therefore difficult to draw direct comparisons
between different reports. For instance, the threshold voltage spread and the hysteresis
were excluded from the analysis.
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Figure 3.35: Statistical distributions of transistor parameters from run KC-F4. a) The ON-resistance
is measured at Vg = +10 V, Vds = 100 mV. b) The ON/OFF ratio is calculated for the n-branch.
c) The threshold voltage, calculated for the forward branch of the sweep as the x-intercept of
the maximum-slope position of the transfer curve. d) The hysteresis width calculated as the
difference between the forward and reverse threshold voltage.

width are related to the gate coupling, measurement conditions (vacuum or air), passivation layers and the voltage sweep range [65]. Furthermore, the ON-resistance depends
on the bias voltage at which it is measured (since not all CNFET drain currents saturate)
and the contact metal. To draw a fair comparison, this information is also listed in the
table. Furthermore, the integration processes used vary considerably; For instance, Park
et al. and Stokes et al. use solution-based assembly, while Zhang et al. fabricate devices on
a single nanotube. In this respect, the report from Zhang et al. is interesting, since they
fabricate several devices on the same nanotube (nanotube is about 1 cm in length), and
still observe large parameter variations. In their work, the threshold voltage variation on a
single tube is comparable to the variations observed in our case where different nanotubes
are contacted. The ON-resistance also varies over 1 magnitude, which is marginally better than this work. This provides strong hints that the large parameter dispersions (seen
also in this work) are due to processing issues such as resist contamination and contact
morphology, rather than SWNT-inherent factors such as diameter and defect density.
Wafer uniformity

We can break down the wafer into different parts in order to analyze the uniformity across
the wafer. Figure 3.36 shows the distribution of the median ON-resistance, threshold
voltage and hysteresis width across the wafer, plotted by combining devices from two
horizontally-adjacent chips.
There appears to be a general pattern in all three parameters: The chips at the center
of the wafer show higher ON-resistance, threshold voltage and hysteresis width than the
outer areas of the wafer. To understand this dependence better, we can analyze the correlation between the variables, as shown in figure 3.36a-c. We can now perform hypothesis
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∼500 kΩ

375 kΩ

Avg. RON

±2V

± 10 V

± 15 V

±2.5

Gate
sweep
range

0.5 ± 0.16

N.A.

N.A.

-0.04 ± 0.44

VTH

∼0.1 ± 0.08

N.A.

N.A

1V

Hyst. width

N.A.

N.A.

N.A.
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Yield
(%)

Dielectric

HfO2

450 kΩ

channel
length

160 nm SiO2

∼200 kΩ

#
devices

2 µm

250 nm SiO2

Author

1µm

100 nm

N.A.

1 MΩ

± 15 V

±5V

N.A.

N.A.

N.A.

N.A.

1

7

10 nm

10 nm

209
300 nm
1-7µm

suspended

100 nm

Tseng et al.
52

120
10135
1µm

7066

Stokes et al.

∼ 200

70

Park et al.

Franklin et al.
Martin-Fernandez et
al.

∼7V

SiO2

Tseng et al.

-4 ±1.5 V

N.A.

± 10 V

∼5 V

29

300 kΩ

N.A.

2.6 V

300 nm SiO2

± 10 V

-0.5±1.5V

3 µm

250 kΩ

± 10 V

Zhang et al.

122kΩ

400 nm

SiO2

N.A.

70 nm SiO2

1000

2-3µm

727 (1
tube)
4463

Khamis et al.
This work

Table 3.6: Comparative summary of large-scale integration processes reported in literature so far. Note that Zhang et al. fabricated their devices
on a single tube with a serial process.
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testing, assuming the null-hypothesis that there is no correlation between the parameters.
Two different metrics are considered – the Pearson Correlation Coefficient R, and the pvalue. 1 For a sample size of 82, the significance value for R is 0.22; if R is lower, there
is no significant correlation between parameters. Similarly, p <0.05 indicates that we can
reject the null hypothesis.
Based on these criteria, we can say that there is a (weak) correlation between the logarithm of the ON-resistance and threshold voltage; the null hypothesis that they are uncorrelated cannot be rejected (it must be noted that if we consider the correlation between
RON instead of Log(RON ), the p-value increases to 0.09, when we cannot reject the null hypothesis). There is no clear correlation between the threshold voltage and the hysteresis
width (p=0.69). On the other hand, a correlation is observed between RON (not Log(RON ))
and the hysteresis width.
This analysis however does not exclude the possibility that the spatial variations across
the wafer are not random. It may be possible for instance to observe correlations when
three or four chips are combined instead of two. As an extreme example, we can divide
the wafer into only two regions as shown in figure 3.37. 2 For the same clustering, we
observe significant differences in the distribution of ON-resistance, threshold voltage and
hysteresis. The ON-resistance dispersion for the two regions is different, as visible in the
log-normal fits. Although the µ for the two distributions is comparable, the σ-parameter
more than doubles from 0.28 to 0.57. For threshold voltage and hysteresis width, normal
distributions are fitted. The threshold voltage shows a shift of the mean as well as the
deviation from -0.80 ± 0.34 V in region 1 to -0.28 ± 0.54 V in region 2. The mean of the
hysteresis width distribution remains the same, but the spread (σ) increases from 0.7 in
region 1 to 1.5 in region 2.
This suggests that the combined parameter distributions in figure 3.35 suffer from a
large spread partly from the non-uniformity across the wafer. Both region 1 and region
2, for instance, show smaller spread in the threshold voltage than the joint distribution.
Similarly, it is evident that most of the spread in ON-resistance and hysteresis originates
from Region 2 of the wafer.
This difference is remarkable, considering that the same clustering produces a marked
difference in all three parameters together. This suggests the possibility that fluctuations
across the wafer are not random, and there are process uniformity issues which can be
improved upon. However with a single wafer, we cannot rule out that this is a result
of random fluctuations. In order to confirm that these variations are not arbitrary, it is
necessary that these regions show similar fluctuations over different wafers in different
process runs.
Furthermore, this grouping into Region 1 and Region 2 on the wafer is currently arbitrary and manual; it is likely that there are other clustering methods which produce a
clearer difference across the wafer. To systematize this process, a two-step procedure can
be implemented:
• The first step is to identify the proper clusters. For this purpose, it is possible to
implement feature extraction using methods such as principal component analysis
(PCA).
1
2

The p-value indicates the probability of obtaining the observed data set from purely random variation.
These regions were created by maximizing the difference in the threshold voltage distribution.
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Figure 3.37: Parameter variation by clustering the devices on the wafer into two regions with roughly
equal number of devices. The histograms are plotted by using median parameters for each chip.
a) The wafer map for threshold voltage used as a reference to show the segmentation of the wafer
into two regions, Region 1 and Region 2. b) Median ON-resistance, c) median threshold voltage
and d) median hysteresis width distributions across the wafer. The y-axis is area-normalized for
fitting. Log-normal fits to the data are shown for ON-resistance, while normal fits are shown for
threshold voltage and hysteresis width.
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• Once the clustering is implemented, we can separate the random fluctuations from
the persistent patterns (e.g. similar clusters appearing in each run). Such persistent
features would indicate systematic uniformity issues in the process steps, which can
then be improved.
In summary, arrays of carbon nanotube transistors have been successfully fabricated on
100 mm wafers. A single wafer yielded 4463 functional devices (process yield of 47.7%),
of which 60.5% were semiconducting. This yield of 29% (= 47.7 × 60.5) semiconducting
devices is the highest reported for individual-tube transistors using a bottom-up growth
process. The devices also show excellent performance, with a median resistance of 122
kΩ and a threshold voltage of -0.8 ± 1.5 V. Nonetheless, the distribution of ON-resistance
is wide, and the devices suffer from hysteresis. The platform presented here provides an
excellent opportunity for further process improvements which can be statistically quantified. Using wafer maps and clustering algorithms, it may be feasible to detect systematic
variations in wafer uniformity.

3.7 Chapter summary
Integration of carbon nanotubes into functional devices using a simple batch-fabrication
process was accomplished first on chip level and then on a 100 mm wafer. The process monitor framework for measuring the length and density distributions of SWNTs
through simple Boolean connectivity measurements was designed and fabricated. Results of length and density distribution estimation were verified independently. The device
monitors produce moderate yields (around 40-50%, of which about 28% of the devices are
functional transistors) which are expected to be sufficient for collecting statistics on device
parameter distributions. The device monitors were fabricated and statistics for device
type, ON-resistance, threshold voltage, ON/OFF ratio and hysteresis were collected. The
process was successfully implemented on a 100 mm wafer, resulting in over 4000 devices
with a yield of 47.7%, of which 60.5% were semiconducting. Initial results indicate that it
is possible to detect process non-uniformities on the wafer.
The concept can also be adapted to other fabrication processes by modifying the design
criteria, and remains flexible over large variations in nanotube length, density and orientation distributions. This platform is well-suited for application in sensor technologies,
where device density is not a critical requirement. Specifically, the device monitors described here can also be used to fabricate chemical sensors with an additional processing
step to expose them to analytes. Chemical sensor arrays incorporating individual nanotubes can therefore be easily fabricated. This forms the topic of the next chapter, where
the performance of these devices as gas sensors is investigated in detail.
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Carbon nanotubes for gas sensing have been studied for over 10 years, with the primary
aim of enhancing the sensitivity and selectivity while decreasing the power consumption
and detection limit to compete with other gas sensors. A review of the current state-of-theart, sensing mechanisms and self-heating was presented in chapter 2. In this chapter, the
application of CNFETs to NO2 sensing is discussed. In the first section, the gas sensing performance of on-substrate devices fabricated using the process described in chapter 3 will
be discussed. Based on the conclusions derived from this discussion, a new suspendeddevice architecture for improved gas sensing performance is demonstrated, and a comparison to on-substrate sensors is made (see table E.4 in Appendix E for a summary of the
exact device geometry). Finally, self-heated sensor recovery is investigated as a low-power
recovery technique for SWNT gas sensors.

4.1 CNFET arrays as gas sensors
By opening windows into the passivation layer and allowing gas access to the CNFET,
it is possible to convert the devices presented in chapter 3 into gas sensors. Moreover,
the passivation layer allows us to controllably expose specific areas of the device (such
as the contact or the channel) in order to obtain a better understanding of the sensing
mechanisms.
4.1.1 Sample Fabrication

Back-gated CNFETs were fabricated using the process described in the previous chapter.
These devices were passivated with 40 nm Al2 O3 for long-term stability of the contacts.
To convert these fully-passivated devices into sensors, 400 nm wide holes were defined
on top of the nanotube channel using e-beam lithography. Using this as a mask, the
Al2 O3 layer was etched using either 4% buffered HF for 50 s (similar to [62]) or 70% Phosphoric acid at 55 ◦ C for 5 min. HF-etching time was optimized via careful etch rate determination as HF is not selective between SiO2 and Al2 O3 . This problem was not encountered
for phosphoric acid, which selectively etches Al2 O3 . The patterns in the oxide after etch
were approximately 800 nm wide for a design size of 400 nm due a large undercut. The
devices had a channel length of about 2 µm . With an alignment error of about 200 nm1 ,
this was sufficient to ensure that the contacts remained passivated. About 60% of the working transistors could be measured as gas sensors. Most of the device loss is attributed to
poor control of the etch front with HF and in some cases, misalignment.
It should be noted that the use of e-beam lithography in this case was primarily due
to the limitations of the photolithographic tools available. Feature sizes of 400 – 800 nm
with alignment precisions below 100 nm are easily achievable with current lithographic
1

e-beam lithography alignment was made with respect to photolithographic markers, due to which its accuracy
was lower than the usual.
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Figure 4.1: Gas sensors fabricated from device monitor structures (Run KC-16). a) Microscope image
of open-window structures. The gold electrodes are still protected with Al2 O3 . b) SEM image
of the sensor devices, showing a bridging nanotube. c) AFM image of a different device. The
nanotube is visible only in the window; the edges of the electrodes and the ALD window (the
horizontal lines) are visible.

technology, and the e-beam window etch process used here should be easily transferable
to a photolithographic process if necessary.
The results of the fabrication process are shown in figure 4.1 The windows etched into
the Al2 O3 are visible as bright grooves in the SEM image. The carbon nanotube in the
window between two electrodes is seen in the AFM image.
4.1.2 Measurement Setup

Gas measurements were performed in a controlled environment by placing the nanotube
inside an aluminium chamber. A dedicated chamber was designed in order to minimize
the dead volume and increase the response times of the device (See appendix B for details
of the chamber design). Alongside the nanotube chip socket, a commercial NO2 sensor
from Alphasense was integrated into the chamber, so that the NO2 concentration close to
the nanotube could be measured. The commercial sensor had a response time of about 50 s
and a detection limit of 20 ppb, both of which were considered sufficient for characterizing
the CNFET sensor (the CNFET sensor time constants are expected to be larger).
Two gas mixing setups were used: A gas test bench at Siemens Corporate Technology
in Munich, Germany, and a home-built gas test bench at Micro and Nanosystems, ETH
Zurich 1 . Unless explicitly mentioned, all characterization was performed under synthetic
dry air composed of 80% N2 and 20% O2 .
Three different types of gate voltage sweeps were used to characterize the sensors:
1

The gas concentrations at Siemens were monitored with a commercial NOx analyzer from Eco Physics AG.
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1. Constant-bias measurements: In this case, the current through the device was measured while the bias voltages (gate and source-drain) were held constant for the duration of the measurement. This method is simple and easy to implement, but provides
information about only one bias point in the transfer characteristics.
2. Linear pulsed measurements (p++ sweeps): This method was used to measure the
transfer characteristics of the devices to obtain information on the hysteresis. Gate
voltage is applied in pulses of fixed duration instead of quasi-static linear ramping,
and partially reduces hysteresis [31, 32, 244].
3. Ambipolar pulsed measurements (p+- sweeps): Gate voltage is applied in pulses, but
the voltage polarity is switched between successive pulses. This method is highly
effective in suppressing hysteresis for a reliable current readout [63].
4.1.3 Sensor response

To measure the sensor response, devices were exposed to 1 ppm steps of NO2 and p+- gate
sweeps were performed every minute. The results of two such measurements are shown
in figure 4.2. In figure 4.2c, the drain current response as a function of time is shown. A
gradual decrease of the current in time is observed on exposure to NO2 . A comparison of
the gate sweeps before and after exposure to NO2 (figure 4.2d) shows that the downward
shift of the current is caused due to a shift of the characteristics. It is also worth noting that
the hysteresis in these devices is almost completely suppressed due to the p+- sweeps.
Figure 4.2e shows the gate-voltage dependence of the response of these devices. If we
plot the difference between the steady state transfer curves before and after exposure to
NO2 , a well-defined peak in the curve is observed. This peak corresponds to the maximum slope (i.e., maximum transconductance) of the transfer curve before NO2 exposure.
For a shift, it is reasonable to expect that the difference between the two curves should be
maximum at the point of maximum slope. The subsequent decrease in sensor response is
attributed to the current saturation at higher gate voltages. The apparent current saturation is a feature that appears due to gate voltage screening arising from charge trapping
[43].
We can understand the sensing mechanisms in terms of the discussions in chapter 2. It
is known that the fully-passivated device does not respond to gas– this implies that 40 nm
of Al2 O3 is impermeable (to NO2 ) [110]. Next, the sensor window is opened only in the
middle of the channel, while keeping the contacts passivated. Therefore, we can say that
the metal parts of the contacts cannot respond to gas adsorption.
On the other hand, the adsorption of molecules on the nanotube must be considered
more carefully– It has been estimated that the Schottky barrier tails may extend hundreds
of nm into the device channel [108, 109]. In these devices, an 800 nm mid-section of the
nanotube is exposed to gas, while about 600 nm on each side remains covered under the
passivation layer. Recall from chapter 2 that a shift of the transfer curve indicates a charge
transfer process in the middle of the nanotube channel (Region-III), leading to an increase
in the free carrier density in channel. However, due to the large screening length along the
channel, the effect of this transferred charge is propagated some distance into the passivation region as well. Therefore, we cannot rule out that charge transfer in the mid-section
of the nanotube still has an influence on the Schottky barriers (Region-II), especially in the
subthreshold region when the barriers are wide. Further experiments with finer resolution in the subthreshold region can shed more light on whether the Schottky barriers are
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Figure 4.2: Response of CNFET gas sensors to a 1 ppm NO2 step (Devices from run KC16). a) Schematic of the electrical measurement setup. b) The device architecture. c) current signal (at Vg = 5 V,
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affected by charge transfer on the nanotube.
These observations are seemingly at odds with the results presented in [108]. In that
study, the authors measure sensors that are partially-passivated with an SU-8/PMMA
bilayer. They point out that they measure a sensor response time of the order of ∼ 100 min
when only the nanotube is exposed, which correlates well with the diffusion rate for NO2
through the bilayers. Due to this, they conclude that the sensor response can only originate
from the influence of NO2 adsorption at the contact region. For the devices presented here,
the NO2 sensor response is about 111 min (figure 4.2a), which is similar to the response
times of Zhang et al. However, Al2 O3 forms a completely impermeable layer to NO2 (no
response to NO2 is observed even after several hours of NO2 exposure for fully passivated
devices). Kinetically, this entails a very low adsorption rate, which corresponds to a small
sticking coefficient as expected for NO2 on the nanotube [93]. One possible explanation
for this discrepancy is that the response time of devices is indeed in the order of several
hours, and unrelated to the diffusion rate through the SU-8. One further possibility is that
if the overall device resistance is dominated by the contact resistance, a small change in
the channel resistance may not be observable. In that case, the contact response from the
NO2 diffusing through the polymer layers can overwhelm the response observed from the
nanotube in the same period of time. Detailed studies on long-channel devices passivated
with impermeable layers such as Al2 O3 rather than polymer layers may provide further
insight into this problem.
To compare the response of contact-passivated devices with open-contact, passivated
channel devices, the contact region on top of the nanotube-metal contact was opened by
etching the Al2 O3 . On these contact-open devices, no sensor response was observed to
1 ppm NO2 . The sensor response of these devices is discussed in detail in appendix D. The
interaction of NO2 with gold surfaces (and whether it results in a work function change)
is currently poorly understood, so definite conclusions on the role of gold contacts cannot
be made.
Another possible contribution to the sensor response can be from substrate-mediated
adsorption of NO2 on the nanotube. The grooves formed at the nanotube-substrate contact could offer energetically favorable sites for adsorption, due to which the NO2 binding
can be stronger than if the nanotube were suspended. Experimental comparisons with suspended devices are required to understand the role of the substrate, and will be discussed
in upcoming sections.
It must also be pointed out that due to the large noise in the sensor signal, reliable fits
to the transient sensor response cannot be performed; for example, a single-exponential
fit is nearly indistinguishable from a two-exponential fit due to the high noise. As a result, it is difficult to estimate the rate constants for adsorption and desorption from these
measurement results.
4.1.4 Concentration dependence

The CNFET sensor was subjected to varying levels of NO2 to understand the dependence
on concentration. The results of the measurement are shown in figure 4.3. Each measurement point in the figure is extracted from NO2 exposures performed in dry air with 1 h
flushes of dry air between NO2 exposures. A non-linear behavior is observed as expected
for a surface-adsorption process [115]. Assuming that the sensor response is proportional
to the coverage, we can use the Langmuir isotherm (S0 = Smax KP/(1 + KP)) discussed in

85

4 Ultra-low power gas sensing with carbon nanotubes

3

−7

2
∆ I (A)

Figure 4.3: Concentration dependence of the
CNFET NO2 response (device from run
KC09).
The difference between the
steady state currents before and after exposure is plotted against the NO2 concentration. The measurements are shown as
red dots. The error bars represent the
RMS value of the noise. The black solid
line represents the fit from the Langmuir
model (equation 2.14 for K = 30.52 Pa−1 .)

x 10

1

0
Measurement
Langmuir model
−1

0

0.5
[NO2 ] (ppm)

1

chapter 2 to fit the measurements. A good fit is obtained for K = 30.52 Pa−1 .
The fact that the Langmuir isotherm is followed reasonably well suggests that the sensor
response cannot be strongly affected by defect sites on the nanotube. While there is support in SWNT and graphene literature for the enhancement of gas sensitivity in the presence of defects [105, 119], it is possible that they are not necessary for gas response. On
the 800-nm exposed section of the nanotube, it is unlikely that there are several defects;
as indicated by Raman spectroscopy, the G/D ratio (which is an indicator of the quality
of the nanotube) of the SWNTs used in these devices is very high, suggesting that high
defect densities are unlikely; On the other hand, if a few defects transduced the NO2 signal strongly, the response would not follow the Langmuir adsorption curve, as it would
violate the basic assumption of proportionality between the coverage and the sensor response1 .
Figure 4.3 also shows that the sensitivity of the NO2 sensor (which is the slope of the
calibration curve) is strongly dependent on the concentration at which it is measured. This
is true for all sensors whose response depends on the surface coverage.
Another feature of figure 4.3 that deserves explanation is the size of the error bars
around each measurement point. These error bars represent the 1-σ current variations in
time under steady NO2 exposure. This highlights the issue of baseline current fluctuations
that can affect the sensor resolution and detection limit. These problems are investigated
in more detail in the next three sections.
4.1.5 Baseline drift

In the previous section, gas measurements were performed using p+- sweeps. These
sweeps are tedious to implement and require complex drive electronics. However, they
are necessary for not only minimizing hysteresis, but also the baseline drift. An example
1

In the other extreme possibility of very high defect density, such as those introduced by plasma or nitric acid
treatments, these sensors would also follow the Langmuir isotherm since this assumption is satisfied again.
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of baseline drift under constant bias conditions is shown in figure 4.4. For this measurement, a transistor was measured under constant bias for 48 hours, and the current was
sampled every 1 s for 48 hours (for a total of 1.73×105 data points).
The device characteristics drift gradually over time due to the accumulation of charge
in the vicinity of the nanotube. The current does not stabilize even after 48 h of measurement. This shows that it is impractical to use constant-bias measurements on these sensors
without the use of signal processing schemes which can eliminate the drift, for instance
using adaptive moving-window schemes.
On the other hand, when p+- sweeps are performed every minute, the drift is reduced as
shown in figure 4.5. The p+- sweep reduces charge build-up in the vicinity of the nanotube
since the charges trapped in a positive (negative) pulse are discharged immediately in
the following negative (positive) pulse 1 . Furthermore, the higher sampling interval (1
sweep per minute) also allows more time for the detrapping process, thereby reducing
the current drift over time. In some devices, an initial drift was observed also for p+sweeps. It is speculated that this is due to an asymmetry between the time constants for
charge trapping and detrapping, due to which a small charge build up may still occur
over time. Nevertheless, the current stabilized within few hours of measurement for all
the measured devices (about 5 devices). As a result, gas measurements performed in this
section for substrate-bound transistors were performed with p+- sweeps to avoid large
current drift.
4.1.6 Noise characterization

Carbon nanotubes exhibit substantial 1/ f noise [71, 245, 246] which has a significant effect
on the long-term stability of the gas sensors. Measurements (figures 4.3, 4.2) suggest that
this is indeed the case – both measurements show current fluctuations that are nearly in
the same range as the signal arising from the sensor itself. In order to better understand
the large noise observed in the devices, long-term measurements were made on passivated
CNFETs using p+- sweeps.
Noise measurements are typically done using spectrum or signal analyzers [77]. Most
commercially available signal analyzers have a lower frequency limit of ∼ mHz. However,
the measurements we are interested in are at extremely low frequency, down to a few µHz.
Therefore, an alternative method is employed here [247]. In this method, time-series data
is collected using p+- sweeps at a sampling rate of 1 sweep/min (= 1/60 Hz) for several
hours. Current noise as a function of time and gate voltage is then obtained by subtracting
the mean Id Vg – curve from the measurements, following which the noise power spectral
density (PSD) is obtained using the periodogram estimate in MATLAB. 2 Although the
PSD resulting from this estimation tends to suffer from aliasing (due to the absence of lowpass filtering of the data for frequencies beyond the Nyquist frequency), the contribution
of aliasing decreases considerably for 1/ f noise at low frequency. Therefore, by confining
our analysis to one decade below the sampling frequency, this effect can be effectively
minimized.
The results of a 72-hour-long measurement are shown in figure 4.6. The MATLAB
1
2

This trend was observed on at least 5 devices measured with the two methods, suggesting that the validity of this
hypothesis. However, measurements on the same tube are necessary to confirm it.
Although the periodogram is not necessarily the best estimate for PSD, it was found that the PSD estimate in this
case was comparable to the results from other estimation procedures.
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script for the noise analysis was developed as part of the semester thesis work of Carl
Mattfeld [248]. The first 520 measurements were not included in the analysis in order to
avoid the effect of drift due to charge accumulation. Examples of time traces of the drain
current at different gate voltages are shown in figure 4.6a. The magnitude of noise decreases with voltage at high gate voltages; however, an increase is observed again close
to the subthreshold region (Vg = 3.3 V). The noise power spectra (normalized by I2d ) estimated from these time traces are shown in figure 4.6b. The power spectra show a clear
1/ f dependence; The extracted frequency exponent is close to 1. Figure 4.6c shows the
Id Vg - curve and the corresponding standard deviation σI for the relevant part of the curve.
We can now extract the noise amplitudes A for the curve, as seen in figure 4.6d. The noise
amplitude increases gradually for lower gate voltage. The solid line in the figure corresponds to the fit from the charge noise model described by Tersoff [30] (see section 2.1.5 for
details). The gate-dependence of noise amplitudes is well-described by the charge noise
model in this case. Further evidence of the charge noise is visible in the standard deviation
of the curve, where a ’bump’ in the curve is visible close to the sub-threshold region.
This noise dependence has important consequences for the selection of the sensor signal.
In several studies, threshold voltage has often been utilized as the sensor signal. This
analysis indicates that the noise amplitude tends to increase close to the sub-threshold
region. On the other hand, figure 4.2c shows that the sensor response also peaks close to
this region. As a result, the net signal-to-noise ratio (SNR) of the sensor must be used as
the selection criterion for the sensor signal.
The origin of charge noise lies in the charge traps close to the nanotube, causing potential fluctuations that are manifested as current fluctuations [30]. The main sources of
these traps lie in the imperfect dielectrics and process contaminants close to the nanotube
surface. If one were to eliminate the sources of charge traps, for example by suspended
the nanotube and maintaining the surface cleanliness of the nanotube, an improvement in
the performance is expected. In a later section of this chapter, this concept is explored in
more detail.
4.1.7 Sensor recovery

Efficient sensor recovery is a major problem in carbon nanotube gas sensors. As seen in
section 4.1.3, the sensor responds to NO2 but when the NO2 stimulus is removed, the
sensor does not recover immediately. A functional sensor must recover within a reasonable amount of time to be practical. In chapter 2, the different techniques applied in
literature to recover the sensor were reviewed. For our samples, recovery at room temperature was initially tested. The samples were simply stored in ambient air (25◦ C , 40-50%
R.H.) and periodically measured. Desorption was typically achieved overnight (about 14
hours). This long desorption time is consistent with other reports in literature, indicating
that the desorption barrier for NO2 is impractically large.
Accelerated recovery at 120◦ C was tested by gluing the sensor chip onto a miniaturized
platinum heater 1 . Using this setup, recovery was typically achieved within 30 minutes
(figure 4.7) This behavior can be contrasted with the sensor response shown in figure 4.2,
where the sensor signal does not return to the baseline at the end of the NO2 pulse. It is
likely that the recovery time is far lower than 30 minutes; from the Arrhenius equation for
the first-order desorption process, the recovery time at 120◦ C is expected to decrease from
1

Part of this work was performed together with Cécile Rod and Yang Fang as part of student projects.
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over 12 h (at 25◦ C ) to less than 1 minute. However, the stabilization time for the heater
was about 5 min, while the cooling time was around 10 min, due to which further optimization of the heating duration was not possible with this setup1 . The power consumption of
the miniature heater was of the order of 1 W. Integrating the nanotube sensors over a micro
hotplate device can reduce the response times to ms and the power consumption to a few
mW, leading to power-efficient recovery [129, 130, 249]. Nevertheless, room-temperature
operation of the sensor can be performed with less than 1 µW power, meaning that the
recovery power of a few mW still represents a substantial overhead for carbon nanotube
gas sensors. The potential of self-heating for recovery is explored in the next section to
address this problem.
4.1.8 Self-heating in substrate-bound devices

Self-heating is often cited as a major source of reliability issues in modern electronics [250],
leading to accelerated aging and electromigration effects [251]. Indeed, most of the literature on self-heating on substrate-bound carbon nanotubes is focused on the possibility of
carrying large currents without inducing substantial Joule heating [251, 252].
Investigating Joule heating in carbon nanotubes is strongly coupled to the problem of
obtaining the precise temperature of the nanotubes– this problem is exacerbated by their
tiny size and heat capacity, due to which most conventional techniques cannot be used.
Scanning thermal microscopy [145] is one possible method to probe local temperatures
on the nanoscale, but obtaining quantitative temperature information from this technique
can be very challenging. One other possibility is using the weak temperature-dependence
of the Raman peaks of the carbon nanotube to calibrate the nanotube temperature [253].
However, the temperature-dependence of the G-peak is very weak (about 0.02 cm−1 per
K) and dependent on the nanotube chirality; the precision of the Raman system is 1 rel
cm−1 . Therefore, the Raman signal shows a measurable difference only if the temperature
rise is above 50◦ C .
On the other hand, this crude temperature calibration is considered sufficient for a preliminary characterization; even with a 50◦ C rise in temperature, the recovery is accelerated
from several hours to a few minutes, which would be sufficient to implement practical recovery. The upper bound for the temperature is imposed by the degradation temperature
of the nanotube, which is at least at around 600◦ C for high quality nanotubes [254]. This
temperature difference should be easily detectable using the Raman shift.
As a first step towards temperature determination, a sample with transistors was glued
onto a heater (the heater surface temperature was calibrated using a PT100 resistance element). Then the position of the G-peak was monitored as a function of the surface temperature to calibrate the temperature coefficient (The MATLAB program peakfitter was used
for fitting the G-peak positions). The extracted temperature coefficients for Run#1 and
Run#2 (see figure 4.8) were -0.0208 cm−1 K−1 and -0.0229 cm−1 K−1 respectively. This calibration also agreed with an independent calibration using the Si-peak, which yielded a
temperature coefficient of -0.0274 cm−1 K−1 . All these extracted parameters agree well
with existing literature values [255, 256].
In the last step, another transistor on the same chip was tested under the Raman spectroscope for evidence of self-heating. The drain current on this transistor was gradually
1

It was found that electrical measurements at elevated temperatures resulted in strong shifts of the baseline due to
charging effects, due to which no measurements were performed during this time.
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This measurement was performed in collaboration with Yang Fang.
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increased (by increasing Vds ) and the position of the G-peak was monitored. The laser
power was kept low (0.25 mW) to avoid laser-induced heating of the nanotube.
The results of the final current-dependent temperature and power-dependent temperature curves are shown in figure 4.9. Furthermore, from the output curves it is evident
that the nanotube is capable of carrying large current densities before substantial heating
is observed. At a current of about 38 µA (at Vds = 21 V), a shift of approximately 3 cm−1 is
visible, corresponding to a temperature rise of approximately 150◦ C . Furthermore, virtually no increase in temperature is detectable up to 300 µW of power. The large error bars
around the sensor data arise from the resolution limitations of the Raman system, as well
as the errors from the fit. This is in agreement with reports in literature [145], where long
nanotubes have been shown to dissipate powers in excess of 1 mW before breaking down.
Most of this power is dissipated as heat flow into the substrate [146, 150]; it is well-known
that the thermal coupling to the substrate is the dominant factor in determining the tube
temperature. Furthermore, the substrate represents a huge heat capacity compared to the
tube itself, due to which its temperature rise is very slow.
The observations of G-peak shifts may be explained by other phenomena such as fielddependent shift of the characteristics [257]. The gate voltage on the device was maintained
at a constant +10 V throughout the measurements, so the influence of the gate voltage can
be ignored. Furthermore, the field from the source-drain electrodes even at high bias (21
V) is far weaker than the gate field, as the device channel length is above 10 µm (compared
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to the gate oxide, which is 70 nm). Therefore, the field dependence may be disregarded.
All other conditions such as ambient temperature, pressure and laser power did not vary
substantially over the period of the measurement, and can be safely disregarded as sources
of this shift. Therefore, it is highly likely that shifts are due to self-heating.
This preliminary investigation is considered sufficient to gauge the feasibility of selfheating in substrate-bound nanotubes for sensor recovery. A power dissipation of 800 µW
to achieve heating is substantial, and offers virtually no advantage (especially in pulsed
operation) over micro hotplates for low-power sensor recovery. Furthermore, the charge
accumulation in the dielectrics is strongly exacerbated by the elevated temperature as well
as the need to maintain constant high-bias conditions on the nanotube; indeed, gradual
current shifts were observed also during temperature calibration measurements1 .
4.1.9 Summary

The conclusions of the studies performed on substrate-bound transistors and sensors are
summarized here to serve as a motivation for the next section:
• The contact-passivated CNFET arrays respond to NO2 , follow the Langmuir isotherm and recover upon heating to 120◦ C for 30 min. Nonetheless, the role and
extent of contribution of the contacts to sensing is currently unclear. Experiments
with different contact materials or varying the window size may clarify the role of
the contacts further.
• The devices exhibit substantial charge noise, which directly affects their signal to
noise ratio. One likely explanation is the presence of substrate and contaminants
which can trap charges leading to unpredictable gate voltage screening.
• The devices show a gradual drift of the baseline under constant-bias conditions,
which is also connected to the charge trapping in the substrate. p+- sweeps can be
used at low sampling rates to suppress the baseline drift.
• Self-heating of substrate-bound devices requires relatively high power (∼ 1 mW) due
to heat loss into the substrate.
It is apparent that most of the problems are substrate-related or fabrication-related effects. These issues could therefore be overcome by employing a suspended, contaminationfree device architecture for gas sensing. The development and testing of such a device
platform are discussed in the next section.

4.2 Suspended, ultraclean NO2 sensors
The goal of this section is to investigate a new device concept that could offer potential
solutions to the issues discussed in the previous section. By eliminating the substrate and
process contamination, low-noise, low-power SWNT NO2 sensors may be realized. Following a description of sensor fabrication using this approach, the electrical transport and
gas response of these devices is evaluated. Where applicable, a comparison to substratebound devices is made to highlight the difference between the two architectures. Finally,
the prospect of low-power device recovery through self-heating is explored in detail.
1

The power values mentioned here therefore correspond to the average power over 5 minutes of measurement,
which is the time required to acquire the Raman signal.
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Some of the studies presented here were explored in collaboration with Dr. Matthias
Muoth and Verena Maiwald as part of her Master thesis.
4.2.1 Sample Fabrication

In this section, an approach to fabricate suspended, ultraclean gas sensors using dry transfer of nanotubes onto freestanding metal electrodes is described. This process was developed by Dr. Matthias Muoth of Micro and Nanosystems, ETH Zurich [258, 259]. A
comprehensive description of the process flow, as well as a state-of-the-art comparison
of ultraclean device fabrication can be found in [260]. Some of the fabricated samples
measured here were provided by him.
The fabrication process is summarized in figure 4.10. Initially, the process is carried
out on two chips in parallel: the ’growth chip’ and the ’receiver chip’. Both chips are
designed and fabricated through the PolyMUMPs process (MEMSCAP foundry) and the
freestanding structures are released by etching the sacrificial oxide using concentrated HF
for 5 min.
The growth chip consists of movable polysilicon forks with a 8 µm gap (which can be
slid out of the chip edge). They are heated on a Bunsen burner (>600◦ C ) for about 15 min
to build up a thin oxide layer to act as a barrier during SWNT growth. Ferritin particles are
then adsorbed onto the fork structures (the density is adjusted to ensure a low nanotube
density) and SWNTs are grown. Tubes span across the forks during growth, waiting to be
transferred.
The receiver chip consists of electrode pairs (about 2.6 µm apart) and bond pads made
of Poly-Si which are metalized with 80 nm Pd. The beams form self-aligned source and
drain electrodes due to the shadow-masking from the large undercuts underneath the
structures. The bottom metalization is used as a back-gate. The anchor areas of the beams
are electrically insulated with thick Si3 N4 layers. Die- and wire-bonding are completed on
the receiver chip before fabrication in order to reduce the risk of failure. A short Ar-plasma
cleaning step is performed to clean the Pd surface just before transfer.
To fabricate a device, the growth chip (with the forks extended out from the chip edge) is
mounted on a piezo-driven micromanipulator arm. The source, drain and gate electrodes
on the receiver chips are connected to Keithley 2400 Sourcemeter units and the current
across them is monitored at Vds = +0.2 V and Vg = -0.2 V. The two chips are guided under
an optical microscope. The appearance of a current indicates a successful transfer. If no
current appears, the process is repeated with a different pair of growth forks.
In some cases, the nanotubes bridge across the gate-drain or gate-source electrodes, creating a gate leakage current. Such nanotubes are eliminated by applying a large gate
voltage (while keeping the source and drain electrodes grounded) to burn them away.
The process is serial, requiring a slow assembly procedure for integrating the nanotubes,
due to which it is difficult to scale up. Nevertheless, it has several advantages which are
listed below:
• Nanotube growth is separated from the target substrate, due to which the thermal
budget is reduced drastically and a large variety of substrates (including temperaturesensitive ones such as CMOS ICs and plastic foils) can be used. This also means that
there are practically no temperature restrictions placed on the materials that can be
used as contacts.
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Figure 4.10: Fabrication of suspended nanotube CNFETs for gas sensing. a) Nanotube transfer process under optical observation. The (blue) growth forks already have SWNTs grown on them
and the (yellow) receiver electrodes are already metalized. b) The transferred device, designated
Type-I. From this step, two possible options may be pursued: c) ALD passivation to form Type-III
devices, or d) shadow-masked evaporation to form Type-II devices, as depicted in e).
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• The nanotube placement is the last step in the assembly process and therefore does
not experience any wet processing. There are also no electron beams used for monitoring, thus avoiding carbonaceous contamination. Therefore, the nanotubes are
ultraclean. Furthermore, there are no oxides in its vicinity.
• Some pre-selection of the nanotubes is possible. For instance, we can selectively place
an sgs or a semiconducting nanotube. If the nanotube is not of the desired type, it
can be burned away and a different nanotube can be integrated instead. Raman
spectroscopy can also be used to pre-select specific nanotubes. Insufficiently long
tubes and tubes with the wrong orientation are discarded.
Although the transferred devices could directly be used for gas sensing, additional possibilities to improve the contact resistance and the stability of the devices were applied
on the transferred tubes. On some of the receiver chips, the electrodes were accompanied
by an additional shadow mask (on a higher device layer) which could be used to evaporate extra metal to top-clamp the nanotube. The shadow mask could slide along guided
grooves to shield the nanotube during top-metal evaporation.
Another possibility is to passivate the device with Al2 O3 using the ALD process described earlier. The difficulty of ALD Al2 O3 nucleation on nanotubes is well-documented
[33, 261–263], but the layer nucleates well on the metal electrodes. It is thought that the
inert nanotube surface does not provide any anchoring sites for film nucleation. Only a
few beads form at discrete locations along the nanotube. There is growing evidence that
the ALD nucleation on the nanotube occurs on defect sites, kinks and bends along the
nanotube [263]. Although the nucleation mechanisms are poorly understood, there is a
selectivity between the nanotube and metal that can be exploited for selective passivation.
For the sake of clarity, the devices presented here are classified into three groups:
• Type-I: transferred devices with no further treatment.
• Type-II: transferred devices with top-clamped metal contacts.
• Type-III: transferred devices with ALD passivation.
The Type-I and Type-II sensors differ from Type-III in that the contact metal is selectively
passivated with Al2 O3 for Type-III devices, which may have an influence on their sensor
response. The gas response of Type-I and Type-II devices is discussed in the next section.
Type-III devices are discussed in section 4.2.3.
4.2.2 Characterization: Unpassivated sensors

The gas response of 5 sensors, 3 of Type-I and 2 of Type-II was investigated. Examples of
electrical characterization of one Type-I and one Type-II device can be seen in figure 4.11.
From figure 4.11, it is clear that both result in p-type devices as expected for a Pdcontacted device in air, and the contacts are ohmic, indicating negligible Schottky barriers. The characteristics are hysteresis-free (p++ measurements, 5 ms pulse width) even
in ambient conditions (40-50% R.H.), and remain so even at high bias. This confirms the
advantage of eliminating oxides and charge contamination from the vicinity of the nanotube. The current in the transfer curve is still rising at Vg = -10 V, which is in contrast to
substrate-bound nanotubes. There are two likely explanations for this:
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Figure 4.11: Electrical transport in suspended carbon nanotube devices. a) Output characteristics
and b) transfer characteristics of a Type-I device (FETt4). Ohmic contacts to Pd are evident even
at low gate voltages, indicating that the Schottky barriers are small. c) Output and d) transfer
characteristics of a Type-II device (FETIV-1). These devices also exhibit ohmic contacts down to
very low gate voltages and remain largely hysteresis-free at all bias conditions. The transfer curve
has more noise because it was measured with a lower amplifier gain. At high Vds , the output
characteristics begin to saturate due to the effect of enhanced electron-phonon coupling.
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Figure 4.12: Comparison of the current stability of suspended and substrate-bound sensors under
constant bias. a) A Type-II suspended device (FETVIII-3) biased at Vds = 100 mV, Vg = -10 V. b)A
substrate-bound transistor (run KC06) measured at Vds = 100 mV, Vg = +10 V. The y-axis spans
the same range in both measurements. For comparison, the black dotted line in b) spans the time
interval of the measurement in a).

• The absence of charge trapping means there is no screening of the gate voltage; therefore, there is a linear relationship between the applied gate voltage and the potential
experienced by the nanotube, which translates to a linear increase in current.
• The gate coupling is weaker due to the gate being approximately 3 µm away from the
channel with air as the dielectric instead of oxide. As a result, a smaller fraction of
the Id Vg curve is covered in the same gate voltage range (for electrostatic simulations,
see [260]).
Baseline drift

The hysteresis-free behavior of these gas sensors is accompanied by the advantage that
they do not exhibit drift under constant-bias conditions. Recall from section 4.1.5 that
substrate-bound sensors suffer from long-term drift under constant bias. Figure 4.12
shows a comparison of the drain current between the two sensor types under identical,
constant-bias conditions. In the same period of time, the on-current of the substrate-bound
transistor decays by about 4% compared to the suspended device, where practically no decay is visible. It continues to further decay by about 10% after 48 hours, with no indication
of stabilization. In this respect, suspended devices possess a significant advantage.
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Figure 4.13: Conductance of a suspended device of Type-I (FETt4) over a period of 217 days. The
device is still functional after about 7 months, but the current declines gradually over time, reaching about 35% of its initial conductance.

Long-term stability

To investigate the long-term stability of suspended devices, a Type-I device was measured
over a period of several months. The results of this measurement are shown in figure
4.13. A gradual decline in current is apparent, with the conductance reaching 35% of its
initial value over a period of 217 days. This is expected to be due to the slow formation
of an insulating oxide layer on the surface of Pd [264, 265]. However, Pd is a relatively
unreactive metal, and the oxide is unstable and decomposes rather easily. Indeed, discrete
jumps in current were observed when the device was measured at high bias, which can
be ascribed to the breakdown of this oxide layer [266] during measurement. 1
Low-frequency noise

So far, two sets of evidence have been presented to show the absence of charge trapping
in these devices: the hysteresis-free behavior and the absence of current drift. The next
evidence comes from the characterization of low-frequency noise. In section 4.1.6, it was
argued that the charge noise model describes noise behavior quite well in substrate-bound
transistors. The absence of charge traps in suspended devices provide a possibility to test
this hypothesis.
Long-term noise measurements were performed using the same method as described in
section 4.1.6, by measuring time-traces for an extended period of time. The results of this
measurement are shown in figure 4.14. The time series plot in 4.14a indicates that the noise
in the current decreases with increasing gate voltage. However, a current-normalized PSD
plot shows that the overall noise amplitude increases with increasing gate voltage. The
extended charge noise model (see equation 2.8) fits the noise amplitude well. However,
compared to the on-substrate device, the distinction lies in the fit parameters. The fit para1

It is possible that Type-II devices do not suffer from this problem, due to the contact interface being completely
encased in metal. Long-term characterization of Type-II devices would provide further insight into this problem.
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Suspended
On-substrate

γSg (meV)
25
268

αc (A−2 )
9.7 ×1011
2.1×109

Table 4.1: Summary of fit parameters from the extended Tersoff model for suspended and onsubstrate devices.

meters for the substrate-bound and suspended gas sensors are summarized in table 4.2.2.
The parameter γ is a reflection of the quality of the dielectric environment (i.e., higher γ
indicates more charge traps). Sg is a parameter proportional to the subthreshold slope.
We find that Sg (suspended)/Sg (on − substrate) = 1.1, based on which we can derive that
the γ parameter for suspended devices is about 10 times smaller compared to the substratebound devices. On the other hand, the parameter αc is two orders of magnitude higher;
this reflects the lower current (i.e., higher contact resistance) in the suspended devices
(Id2 (suspended)/Id2 (on − substrate) ≈ 0.01). This indicates that the charge noise factor is
strongly suppressed in suspended devices due to the absence of trapping sites.
On the other hand, it also suggests that there are factors other than charge noise that
contribute to the 1/ f noise. The steep rise in the noise amplitude in the subthreshold
region is characteristic of Hooge-type behavior [78], i.e., inversely dependent on the number of carriers. In the subthreshold region, the number of carriers in the channel increases
exponentially, which is consistent with the steep straight line we observe. However, the
number of carriers in the subthreshold region of the transistor is difficult to determine and
only possible using a full device model.
Another way of looking at the effect of charge noise is the threshold voltage fluctuation.
If we consider the evolution of threshold voltage over time as our noise signal, the plot in
figure 4.15 is obtained. For the sake of comparison, the threshold voltage from a substratebound sensor where charge noise is expected is also plotted.
Even from the time-series plot, the difference in the noise levels between the two types
of devices is clear. In the frequency domain, we see that the power spectrum for substratebound devices is nearly 100 times higher than the suspended devices, and shows a clear
1/ f noise component. On the other hand, the spectrum for the suspended device is mostly
flat, with a small rise that appears only at very low frequencies. This further supports the
argument that charge noise is strongly suppressed in suspended, ultraclean devices.
NO2 response

For both Type-I and Type-II devices, the contacts as well as the nanotube are exposed to
air. This means that no additional processing is necessary to convert them to gas sensors.
The sensor signal in these devices was measured with two different methods:
1. Constant-bias measurements
2. Pulsed sweeps
Although strictly speaking the pulsed measurements were not necessary to obtain reliable transfer characteristics of suspended devices, they were nonetheless used where gate
sweeps were necessary.
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Figure 4.14: Noise characterization of a Type-I (FETt4) suspended device. a) Time traces at different
gate voltages. This device is p-type with a threshold voltage of about +0.5 V. A gradual decrease
of noise with increase in gate voltage is evident. b) Normalized PSD for the time traces shown
in a). The frequency exponent from the fit is approximately 0.9. c) Mean Id Vg - characteristics for
the entire duration of the measurement (solid triangles). The standard deviation is also shown
(dashed lines). d) Noise amplitude A vs. gate voltage extracted from fitting the plots in b). The
solid line shows the fit from the extended charge noise model. The regions marked in grey are
not considered for the fit as they are below the noise floor of the measurement setup. A good fit
is obtained, with the parameters described in table 4.2.2.
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To demonstrate the possibility of using constant-bias measurements for gas sensing, a
Type-II device was measured at Vg = -10 V, Vds = +100 mV. The results are shown in figure
4.16. There is a clear response to NO2 , with the current increasing by approximately 115%
for 1 ppm of NO2 . The baseline remains stable in dry air at the beginning, unlike substratebound sensors where the baseline would exhibit drift due to charging.
Even if we can use constant-bias conditions to measure the sensors, complete gate
sweeps every minute give us more information on what bias conditions to use. In other
words, it is helpful to understand the sensor response as a function of gate voltage. Therefore, a second Type-II device was measured with 1 ppm concentration in dry air using
p+- sweeps every 1 minute, similar to the substrate-bound devices. Figure 4.17 shows the
results of this experiment.
The plot of current at Vg = -10 V shows qualitatively the same results as the constantbias measurements. Moreover, the gate-voltage dependence shows us more information –
unlike the contact passivated substrate-bound devices, these devices also show a tilt of the
curve (figure 4.17). This effect is more obvious when the difference between the curves is
plotted. If the curve was a pure shift of the threshold voltage, the difference-curve would
show a step-like function in the difference plot (these devices, unlike substrate-bound
sensors, do not saturate at high gate voltage. Therefore, the response would not go to
zero, but reach a constant value.). If the response was a pure tilt, a gradual increase of
the current would result; the actual measurement appears to be a combination of the two,
indicating the presence of both mechanisms.
It is plausible that multiple mechanisms are present in these fully-open devices, since
NO2 can adsorb on both the metal and SWNT surfaces. We can however confirm at this
stage that the sensors respond even when the substrate is removed– indicating that the
hypothesis of substrate-mediated NO2 adsorption is not necessary to explain the sensor
response.
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Figure 4.16: Sensor response of a Type-II device (FETtIV-1) to a 1 ppm step of NO2 . The device current
is measured at constant bias conditions, with the current sampled every 1 s. Image adapted with
permission from [198]. ©IEEE 2013.

FETIV-1
FETVIII-3

Two-exponential
τ1 (min)
τ2 (min)
3
274
6
59

One-exponential
τ (min)
20
24

Table 4.2: Time constants from fitting
the adsorption phase of the devices
from figure 4.18. See Appendix E
for fabrication details.

Transient response

The transient response of the sensor can provide further insight into sensor behavior. The
measurements shown in figures 4.16 and 4.17 can be fitted with exponential functions to
estimate rise and fall times, the results of which as shown in figure 4.18. The time constants
corresponding to the fits are shown in tables 4.2 and 4.3.
It is evident that a single exponential current rise cannot fit the entire response sufficiently well; it fails to capture the initial sharp rise in current. On the other hand, a twoexponential fit captures this part well. The two-exponential fits also fit the recovery phase
better.
We can speculate about the physical meaning of these rise times with respect to the
sensing mechanisms present in these devices. Two rates of increase and decrease again
suggest that multiple mechanisms play a role in this device, which corroborates the argument presented in the previous section. Further insight into this problem may be obtained
by blocking at least one of the sensing pathways of the device. This is one of the goals of
fabricating suspended, contact-passivated sensors, which is described in the next section.

FETIV-1
FETVIII-3

Two-exponential
τ1 (min)
τ2 (min)
15
792
7
4894

One-exponential
τ (min)
273
2287

Table 4.3: Time constants from fitting
the recovery phase of the devices
from figure 4.18
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Figure 4.17: Sensor response using p+- sweeps on a Type-II suspended device (FETVIII-3). a) Current
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Figure 4.18: Transient response of two Type-II devices (FETtIV-1 and FETVIII-3). a) The device measured with constant-bias current monitoring from figure 4.16 b) Device measured with p+- sweeps
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4.2.3 Characterization: Passivated sensors

The output and transfer characteristics of a passivated, suspended transistor (Type-III) are
shown in figure 4.19. The device maintains its p-type behavior, as expected for Pd contacts.
In previous studies, a small n-branch was observed upon passivation, which is also the
case for some of the devices measured here. This is most likely to be due to the removal
of oxygen from the immediate vicinity of the contact regions. In addition, changes to the
work function or doping by the Al2 O3 itself cannot be completely ruled out.
The output characteristics show that the device contacts remain ohmic even at gate
voltages close to -4 V. The last two curves at -2 V and 0 V begin to exhibit a weak Schottkylike response. The device has a resistance of about 250 kΩ as measured by the current
at Vg = -10 V. However, the transfer characteristics show that the current is still rising at
this voltage, and the extracted resistance therefore may not accurately represent the true
channel resistance.
The transfer characteristics appear hysteresis-free at low bias even after ALD deposition
(unlike ref. [267]). This could be due to several factors. Firstly, the sweep rate for the
pulsed sweeps used here is relatively high, at about 40-50 V/s, which may suppress some
of the hysteresis. Furthermore, the ALD oxide is deposited at 300◦ C , which has fewer
defects and charge traps than the oxide deposited at 150◦ C . Another factor could be the
low coverage of oxide on the tube surface. Nonetheless, hysteresis was observed in this
device at high bias (>1 V), where charge trapping is likely to be enhanced due to the
elevated temperature resulting from self-heating.
A remarkable feature of the output characteristics is the decreasing conductance at high
bias. As discussed in chapter 2, the current in suspended nanotubes saturates rapidly due
to increasing electron-optical phonon coupling and self-heating that becomes significant
at high bias. However, the sharp decline in current is attributed to a coupled effect of
hysteresis as well as self-heating. Due to the increased temperature, charge accumulation
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Figure 4.19: Output and transfer characteristics of a passivated, suspended transistor (FETXI-1). a)
The output characteristics show ohmic behavior even at fairly low gate voltages, which is reasonable to expect for Pd contacting large nanotubes. Another striking feature is the rapid saturation
of current at about 0.8 V followed by a negative differential conductance region. This rapid saturation is believed to be a coupled effect of self-heating and temperature-enhanced hysteresis. b)
The transfer curves with p+- sweeps (Vds = 100 mV) are still hysteresis-free, indicating the high
quality of the oxide as well as the low on-tube oxide coverage. However, hysteresis appears at
higher source-drain voltages.

is enhanced, leading to a more rapidly decreasing current than expected from only selfheating. This feature is important for self-heated gas sensor recovery, as discussed in
section 4.4.3.
NO2 response

The device shown in figure 4.19 was next subjected to a 0.9 ppm NO2 pulse in dry air,
while measuring the current using p+- sweeps. The time-dependent sensor response is
plotted in figure 4.20. In response to NO2 , the transistor characteristic moves to the right,
as shown in figure 4.20b. The magnitude of the shift is about 90%, which is comparable to
the sensor response obtained for unpassivated devices.
We can also consider the difference between the curves in dry air and NO2 , similar to
the approach in figure 4.17. As before, if we assign a linear rise in current to a tilt, and
the step-like response to a shift, it is evident from the difference curve that the response
is shift-like at large negative gate voltages, while a tilt is discernible at positive voltages.
In this case the shift is quite substantial, with the threshold voltage shifting nearly out of
range. As a sanity check, we can artificially align the dry air curve with the NO2 curve
(shown with open circles) in figure 4.20. It becomes clear that despite the passivation, the
’tilt’ component of the curve is not completely eliminated.
The sensor response as a function of NO2 concentration is shown in figure 4.21. The
concentration dependence shows excellent fit to the Langmuir isotherm, indicating that
the sensor response scales linearly with surface coverage. In other words, it is unlikely
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Figure 4.20: NO2 response of a passivated, suspended (Type-III) device. a) Device current measured
in dry air at Vg = -10 V and Vds = 100 mV as a function of time. Between t=240 min and t = 480
min, 0.9 ppm of NO2 is flowing through the chamber. The current increases by over 90%. b) The
transfer characteristics in dry air before exposure (red filled circles) and after steady state exposure (black circles) to NO2 . The red open circles show part of the transfer curve rigidly shifted
to align with the black curve for comparison. c) Difference between the two curves shown in b),
showing the sensor response as a function of gate voltage. Adapted from [268] ©AIP publishing.
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that individual defect sites play a big role in the sensor response.
This measurement provides further information on the sensing mechanisms. If we consider the possible sites for NO2 to adsorb on the sensor, the choices are limited to the
following:
• The passivated metal surfaces
• The nanotube-oxide junction
• The nanotube itself
Adsorption on the passivated metal surfaces cannot contribute to the sensor response,
since the NO2 molecules are at least 40 nm away from the nearest metal grain. If it was
true that this could contribute, then a fully-passivated sensor (for e.g. a substrate-bound
device) should also respond to NO2 , which is not observed. Therefore, we can safely
disregard the influence of on-metal adsorption near the contacts.
Next, if we consider the nanotube-oxide junction, very few of these adsorption sites are
actually available; this cannot explain the entire sensor response, since the response from
so few adsorption sites would appear as discrete steps. The amount of charge transfer
per adsorption site required would also be prohibitively high [93]. Nevertheless, these
sites may offer energetically favorable adsorption sites, and NO2 is likely to adsorb in
these areas. It is assumed that their contribution is minor and can be neglected as a first
approximation.
We now have the first clear evidence that adsorption on the nanotube itself is sufficient
to generate a sensor response, without interference from the substrate or the metal contacts. However, there are two possible sites for adsorption on the nanotube: Near-contact
region (Region-II) and the body of the channel (Region-III) as described in chapter 2. The
passivation layer is only 40 nm thick, and it is plausible that the Schottky barriers are
affected by molecules attaching at this range from the contacts, particularly at low gate
voltages close to the subthreshold region.
This hypothesis can be validated using the output characteristics of the device in figure 4.19 (see figure 4.19 for the output characteristics of the same device). The transistor
shows a Schottky-like response at voltages close to the sub-threshold region, but as the
gate voltage increased, the barriers become thinner and an ohmic behavior is observed.
The effect of the Schottky barrier then is significant mainly at low gate voltages. Indeed,
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the sensor response in figure 4.20 confirms this hypothesis. At low gate voltages, the adsorption of NO2 close to the contact regions still has an influence on the barrier width (i.e.,
Region-II exists), due to which a steeper increase in current is observed. However, as the
gate voltage is driven further, the effect of the Schottky barriers ceases to play a dominant
role, and the device transport becomes channel-limited. The sensor response in this case
is governed by the charge transferred to the body of the channel itself.
The strength of channel doping originating from the NO2 adsorption can be compared
to the strength of gate modulation. In the suspended devices, the gate is several µm away
from the channel. The source and drain contacts also shield the channel to some extent,
due to which the potential induced by the gate is weakly coupled to the channel. On
the other hand, charge transferred by the adsorbed NO2 can be viewed as the effect of a
strongly coupled gate, inducing a more uniform potential change along the entire channel.
As a result, the net effect on the transfer characteristic is not trivial to estimate for these
suspended devices. Experimentally, the precise effect of NO2 adsorption on the body of
the channel can be understood either by using long-channel devices or strongly coupled
gates. Alternatively, models incorporating this mechanism (for e.g. modeling NO2 as an
all-around gate) may also explain the change in characteristics better.
Transient response

The results of independent exponential fits on the rise and fall sections are shown in figure 4.22. A single exponential is sufficient to fit the response, unlike the unpassivated
sensor. The response time is 90 min, which is in the same range as the τ2 of the unpassivated sensor. Since adsorption on the nanotube is the primary sensing mechanism in these
devices, we can draw a direct correlation between this time and the adsorption rate on the
nanotube.
It must be noted that the transient changes in current (especially large changes like the
present case) are coupled to the shape of the transfer characteristics as well as the NO2
adsorption rate. For instance, if the transfer curve in the vicinity of the measurement
point was saturated, we would observe practically no increase in current even though the
NO2 adsorption rate was as expected. In our case, the response is analyzed at Vg = -10 V,
where the curve is essentially linear and the slope does not change appreciably. Therefore,
under these conditions we can draw a direct correlation between the surface coverage θ(t)
and the sensor response S(t). Recall from equation 2.13 that the transient surface coverage
can be written as
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θ (t) = θ0 1 − e− pKads t/θ0
We can now rewrite this equation in terms of S(t) and S0 to draw a correlation between
the measured time constant and the rate constant for adsorption. This can be written as


−Smax .K ads p
t
S0
S ( t ) = S0 1 − e
(4.1)
where S(t)/Smax = θ (t) is the relationship between the surface coverage and the sensor
response. Combining this relationship with equation 2.15, we can calculate the sticking
coefficient of NO2 on the carbon nanotube to be 6 × 10−6 . For the desorption part, the
long decay time can be related to the desorption rate using equation 2.12 and a desorption
barrier of -1.01 eV is deduced. The desorption barriers measured from three other devices
similar to the one presented here were -1.08, -1.02 and -0.98 eV respectively.
This observation of large desorption barriers for NO2 corresponds well with other measurements, which also report recovery times of several hours. Such long recovery times are
impractical for sensor application, and several methods to accelerate sensor recovery have
been explored, as outlined in chapter 2. Self-heated recovery is particularly appealing
since it is a simple method with no additional circuit requirements and can be achieved
potentially at very low power. The suspended sensors discussed here can be used to test
this concept, as discussed in the next section.

4.3 Self-heated recovery of suspended gas sensors
In chapter 2, the theoretical aspects of self-heating in carbon nanotubes were described. A
suspended, stable transistor architecture that can function in air and achieve self-heating
was discussed in the previous section. The devices also show excellent response to NO2
and therefore provide an excellent platform for proving the feasibility of this technique.
Before testing the self-heating itself, several checks can be performed:
• The device must respond to NO2
• The current saturation and negative differential conductance behavior must be observed in order to be certain that self-heating in the tube is substantial.
• Sensor recovery time must be sufficient.
• Desorption rate without heating must be checked.
As a first step, unpassivated, suspended sensors (Type-II) were tested for self-heated recovery after confirming their response to NO2 . The results of this preliminary experiment
are shown in figure 4.23.
The output characteristics in unpassivated sensors showed the current saturation and
negative differential conductance that is characteristic of enhanced self-heating in suspended nanotubes [150]. The device also responded to NO2 , but the application of high bias
pulses (for a total of 70 s of heating) did not result in a clear sensor recovery. However,
the device completely recovered after 14 h in dry air, returning to its initial state. There
are two possible explanations for this behavior: one is that the heating duration was insufficient; the other possibility is that the sensor response originating from on-metal NO2
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Figure 4.23: Attempted recovery of a Type-II unpassivated, suspended transistor (FETtIV-1). a) The
output characteristics show a clear saturation and negative differential conductance at high bias,
which is suggestive of self-heating. For high bias recovery, Vds = 1.5 V is used. The transfer
characteristics before NO2 exposure, after NO2 exposure and high bias pulses, and after 14 h of
recovery. c) The order of high-bias recovery pulses applied to the device. The bias (blue bars)
is ramped up gradually to avoid damage to the nanotube. In total, 70 s of heating pulses are
applied to the device. The black dots show the current at Vg = -10 V measured at each stage.
The response to NO2 is visible as a rise in the current. However, the nanotube does not recovery
upon application of 70 s of high bias pulses. The recovery however is complete after 14 h. Part
(a) adapted from [198]. ©IEEE 2013.
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Figure 4.24: SEM image of the suspended, passivated device used for self-heating experiments
(FETXI-1). a) Overview of the device, showing the electrodes and the location of the SWNT.
b) close-up of the contact region, showing a uniform passivation layer of 42 nm. c) Beads of passivation formed along the nanotube channel, possibly at defect sites. Image adapted from [268].
Copyright AIP publishing 2013.

adsorption could not be recovered with self-heating, since the metal contacts remain at
room temperature.
A second attempt for self-heating on this device as well as two additional unpassivated
devices were not successful because the devices degraded during the high-bias pulses.
Later SEM analysis indicated that the devices had failed in the middle of the channel.
It is conjectured that the heating pulses caused the nanotubes to fail by accelerating the
degradation of the nanotube (possibly at defect sites). Consequently, contact-passivated
devices (Type-III) were investigated for self-heating. It is speculated that the ALD process
might passivate the defect sites and shield them from degradation at higher temperature,
since ALD nucleation is thought to occur primarily at defect sites on the nanotube.
The same device as shown in figure 4.20 was subjected to self-heated recovery tests.
An SEM image of this device showing the passivation regions is shown in figure 4.24.
From the output characteristics and the NO2 response shown in the previous sections, it is
already evident that this device satisfies the criteria necessary for self-heated recovery to
work. The results of this experiment are shown in figure 4.25. The low-bias NO2 response
was initially recorded in dry air. Before attempting self-heated recovery, the chamber was
flushed with N2 for 30 minutes to avoid the risk of damaging the nanotube. Subsequently,
a 30-minute high bias pulse was applied at 1.3 V, which is well into the saturation region
of this transistor. The same process was repeated again to check for reproducibility.
We find a clear evidence of self-heated recovery in this experiment. The device responds
to NO2 but does not recover at low bias– the current remains steady for over 2 hours. At
the end of the heating pulse, the device current drops drastically, which we observe as an
undershoot of the current. Upon recovering from this undershoot, we see that the baseline
of the transistor has clearly been regained. Subsequently, the device responds to the same
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Figure 4.25: Self-heated recovery of a passivated, suspended transistor in N2 . After the first NO2
exposure, the device shows no recovery at low bias. Applying a high bias pulse (after switching
to N2 ) leads to a current undershoot, after which the current recovers to its previous baseline.
The second NO2 pulse followed by self-heated recovery produces a similar response. Reprinted
from [268] ©AIP publishing.

concentration of NO2 with a similar response, indicating that the process is reversible with
no apparent damage to the sensor. The recovery power in this case is about 2.9 µW, which
is the lowest reported operating power for any NO2 sensor so far.
In the next step, recovery was attempted in dry air, since recovery in a N2 environment
is not practical for an NO2 sensor. In this experiment, the background gas throughout the
measurement is air; the heating duration is reduced to 10 minutes, and the NO2 concentration was reduced successively from 700 ppb to 200 ppb. The results of this measurement
are showing in figure 4.26.
The recovery also works in dry air, and the device survived multiple heating pulses
in dry air without any apparent decrease in the baseline current. It also shows that 10
minutes of heating is sufficient to recover the sensor. Furthermore, we see conclusive evidence that sensor recovery is a result of NO2 desorption and not artefacts such as charging.
The sensor recovers and responds to NO2 pulses of decreasing concentration. At the end of
each NO2 pulse, the sensor signal is close to steady-state, indicating that the NO2 surface
coverage is close to its equilibrium value. If a sensor with a coverage equivalent to 700
ppb must respond to a 300 ppb pulse in the next step, NO2 must have desorbed from the
surface.
To understand the origin of the undershoot, a control experiment by applying the heating pulse in pure dry air and N2 without NO2 (figure 4.27) was done. The undershoot
followed by recovery is observed even in the absence of NO2 , and in both N2 and dry
air. This suggests that the behavior is not related to the chemistry of the gas environment. Instead, it is attributed to the gate voltage screening induced by thermally activated
charge trapping in the dielectric beads (see figure 4.24) [64]. Under normal bias condi-
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Figure 4.28: Self-heating pulse duration necessary for recovery. For each data point, the device was
exposed to NO2 and recovery pulses of varying durations were applied. The fraction of the
baseline recovered 1 h after the pulses were applied is shown. For 10 minutes of heating, the
device is within the noise margin of the baseline. Reprinted from [268] ©AIP publishing.

tions (Vds < 0.9 V), the nanotube is at room temperature, and the pulsed gate sweeps
show negligible hysteresis, as the charge trapping rate is low. During the high bias step
(constant Vg = −10 V, Vds = 1.3 V), the ensuing temperature rise increases the trapping
rate. The oxide traps in the beads are populated by positive charges, screening the gate
voltage and causing the current undershoot when Vds is reduced to 0.1 V. The charges are
gradually detrapped and the current recovers back to the baseline. This hypothesis is also
consistent with the hysteresis onset under high bias conditions in the presence of dielectric beads. An alternate hypothesis is that the higher Vds increases the electric field close
to the traps, facilitating charge injection [65]. To decouple the applied electric field from
self-heating, we applied voltages of opposite polarity, (Vg = +10 V, Vds = −1.3 V), which
reproduces the field conditions, but as the p-type device is turned off, heating does not
occur. If charge injection is enhanced due to the increase in Vds rather than heating, this
would result in a current overshoot at the end of the bias pulse. However, this experiment
failed to produce the expected overshoot, further supporting our hypothesis of increased
temperature rather than changing electric field causing the charge trapping.
Finally, the heating duration required for recovery was also investigated by varying
the duration of the heating pulses from 0 min to 30 min. The fraction of the baseline
recovered in steady state at the end of each heating pulse was measured. To avoid the
current undershoot, the measurements were made 1 h after the heating pulse was applied.
The results are shown in figure 4.28.
The sensor baseline recovers by only 7% without a heating pulse in this duration. As
the heating duration is increased, the fraction of baseline recovered increases, and at 10
minutes of heating the sensor is within the noise margin of the baseline. Therefore, 10
minutes of heating is deemed sufficient for recovery. This heating time required can be
discussed in terms of the temperature rise observed in the nanotube. It was already mentioned in chapter 2 that the temperature profile along the nanotube is not uniform, due
to which the NO2 desorption from the cooler sections of the nanotube requires more time.
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Figure 4.29: Self-heated recovery of a second suspended, passivated device (FETXX-8). The device is
first exposed to NO2 before the heating pulse is applied for 10 minutes. A large current undershoot is observed, from which the device recovers. Reprinted from [268] ©AIP Publishing.

Based on this evidence, it appears that the low-temperature sections of the nanotube in
this case experience a temperature increase of about 30◦ C . This is in close agreement with
[154] where they show an increase of about 40◦ C for a similar heating power.
Self-heated recovery was also tested on a second device which showed saturation at
Vds = +3.6 V. The results are shown in figure 4.29. This device showed a measurable hysteresis indicating that the Al2 O3 coverage on the surface was considerable. Nevertheless,
the sensor showed a response to 500 ppb of NO2 and also recovered its baseline by heating
for 10 minutes. The heating power for this device was about 9.6 µW. The current undershoot is significantly stronger in this device, and the device requires about 120 minutes to
recover from the undershoot. This may be due to stronger charge trapping in this device
than in the first device.
Preliminary studies on self-heated recovery show that it is indeed feasible to achieve
low-power recovery in a simple manner by increasing the bias voltage. In this study, selfheated recovery was achieved only on passivated, suspended devices. Nevertheless, selfheated recovery on unpassivated devices remains an open question. Careful consideration
of the device support geometry and optimization of the contact resistance and heating
duration could reduce the energy required for sensor recovery even further.

4.4 Designing the sensor architecture
Considering the various sensor types discussed in this chapter, it is important to draw
systematic conclusions from the investigations in order to design better carbon nanotube
sensors for gas sensing. Below, the different aspects of the studied sensor architectures
are summarized and compared (see table E.4 in Appendix E for a summary of the device
geometry).
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4.4.1 Signal-to-noise ratio

Signal-to-noise ratio (SNR) is a useful metric for comparing the performance of the devices,
since it defines the detection limit and the resolution of the sensor. Based on the information we have gathered from the sensor response and noise analysis, we can analyze the
gate-voltage dependence of the signal to noise ratio (SNR) in suspended and on-substrate
sensors. All SNRs are normalized to 1 ppm NO2 concentration. Typical gate-voltage dependence of SNR in the different device architectures can be seen in figure 4.30a-c. The
SNR for unpassivated, suspended devices (type I-II) shows a peak close to the threshold
voltage region, followed by a gradual increase at higher current which is related to the
tilt of the transfer curve. For the passivated suspended devices measured in this study
(Type-III), SNR increase at higher Vg was not observed. However, it must be noted that
depending on the width of the Schottky barrier present in the device, this might be different as the effect of the tilt due to the contact transmission change may become more
dominant for wider Schottky barriers. For on-substrate devices, both the response and the
noise increase in the sub-threshold region, with the resulting SNR maximum close to the
sub-threshold region. The SNR at higher gate voltages decreases due to the effect of current saturation. For the sake of consistency, we choose the peak close to the sub-threshold
region to compare for all types of devices.
The results from 8 suspended and 9 non-suspended devices are shown in the box-plot
in figure 4.30d. The mean SNR of the 8 suspended devices is found to be 47.4, while the
mean for 9 on-substrate devices is found to be 5.2, which is a 9X enhancement in SNR
for suspended devices. This large increase in the SNR is attributed to the suppression of
charge noise in the suspended devices. Indeed, the total sensor response observed for both
devices were comparable, but the presence of charge noise in substrate-bound devices
leads to a diminished SNR. The SNR for Type-III devices deserves further investigation,
as it is unclear if the magnitude of charge noise is higher than unpassivated devices.
The SNR influences the detection limit and resolution of the gas sensors. Detection limit
is typically defined at SNR = 3 [269]. If we assume that the calibration curve of the CNFET gas sensor is linear, a 9X improvement in SNR implies a resolution increase by 9X.
However, CNFET gas sensing is a surface phenomenon and the non-linear concentration
dependence means that the sensitivity (and consequently, the detection limit and resolution) strongly depends on the concentration at which it is specified. Further experiments
in this direction are necessary to understand the precise implications of improved SNR on
the detection limit and resolution of these gas sensors.
Another degree of freedom that has not been explored so far is the dependence of SNR
on the source-drain bias. A preliminary investigation of noise dependence on the bias
voltage for substrate-bound devices was performed by Carl Mattfeld, [248] indicating a
decrease in noise amplitude with increased drain voltage. However, the dependence of
sensor response on drain voltage is unexplored, and a detailed investigation of the SNR
as a function of bias voltage is of great interest.
4.4.2 Sensing mechanism

Table 4.4 summarizes the different sensing mechanisms attributed to the device architectures presented in this study. Both suspended and non-suspended devices followed the
Langmuir isotherm, indicating that the NO2 response was proportional to the surface coverage, rather than being dominated by few adsorption sites. The sensing mechanisms
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Figure 4.30: Current signal-to-noise ratio at 1 ppm NO2 for a) suspended unpassivated (Types I and
II), b) suspended passivated (type-III) and c) on-substrate gas sensors. The positions where the
SNRs are chosen for comparison are indicated with solid arrows. d) A box-plot showing the SNRs
for 8 suspended and 9 on-substrate sensors normalized to 1 ppm NO2 . The average (mean) SNR
shows a 9-fold improvement (47.4 from 5.2) for suspended devices.

120

4.4 Designing the sensor architecture
Sensor
Architecture

Tube bulk
(Region-III)

Substrate?

Metal?

Yes

Tube near
contact
(Region-II)
Maybe

On-substrate,
contactpassivated
Type-I
Type-II
Type-III

Maybe

No

Yes
Yes
Yes

Yes
Yes
Yes

No
No
No

Yes
Yes
No

Table 4.4: Summary of the sensing mechanisms attributed to different device architectures presented
in this thesis. ’Maybe’ indicates that these mechanisms cannot be ruled out based on the experiments performed.

present in substrate-bound, contact-passivated devices can be explained by adsorption
on the nanotube, but the role of the substrate cannot be discounted. On the other hand,
contact-passivated, suspended devices also respond to NO2 , showing that the substrate is
not essential for adsorption. Unfortunately, at this stage, the high noise in substrate-bound
devices limits the use of transient response curves to probe this question further.
Furthermore, it appears that some of the sensing mechanisms are suppressed in suspended passivated devices (Type-III) compared to the suspended, unpassivated devices
(Types I and II). There is a qualitative difference between the sensor responses. The unpassivated devices show a tilt as well as a shift of the characteristics, while for passivated
devices, the tilt of the curve is suppressed at high gate voltages, but still visible at low gate
voltages. A qualitative difference is also visible in the transient response, since the transient responses for passivated, suspended devices can be fitted with single-exponentials,
but two exponentials are generally necessary for the unpassivated devices. A clearer understanding of these mechanisms can be obtained by developing an electrical transport
model that can account for the weak gate coupling in these devices.
4.4.3 Self-heated recovery

Self-heated recovery was successfully implemented on Type-III devices. The lowest recovery power achieved was 2.9 µW (figure 4.26). Type-I and Type-II devices failed to survive
long durations of high-bias pulses, possibly due to nanotube degradation. At this stage, it
is unclear if these devices are recoverable by self-heating.
Substrate-bound devices require substantially more power to heat to relevant temperatures; for the nanotube measured in this study, a temperature rise of approximately 150◦ C
was achieved for 800 µW of power. It is possible that self-heating is still possible below
100 µW for these devices by reducing the heat capacity of the surrounding substrate (for
instance by suspending on thin membranes). However, these devices also suffer from
constant drift under high-bias conditions, which is impractical for applying long heating
pulses. As a result, self-heated recovery is envisioned to be useful as a low-power recovery
technique mostly for suspended devices.
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4.5 Summary
In conclusion, two different types of sensors were presented. Substrate-bound sensors
based on the device monitor structures presented in the previous chapter have the potential to be highly scalable, from which arrays of sensors can be fabricated. Their low
signal-to-noise ratio, on the other hand, restricts their utility, but the advantage of scalability means that methods such as ensemble averaging can be implemented to increase their
SNR effectively. On the other hand, while suspended devices show superior performance with respect to SNR, their fabrication is a serial assembly process, which is currently
suitable only to fabricate single sensors as test platforms rather than for large-scale integration. However, the key advantage for suspended sensors is the possibility of self-heated
recovery at ultra-low power, which is a strong motivation for pursuing suspended device
architectures over substrate-bound devices. Combining the merits of both, a scalable, suspended gas sensor platform is envisioned as the next step in this direction.
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5.1 Wafer-scale integration
Single-walled carbon nanotube field-effect transistors were initially fabricated on small
chips with the aim of maximizing the yield of semiconducting devices using bottom-up
growth and top-down metallization. A repeatable process was developed for the integration of as-grown nanotubes into devices.
Process control monitors were designed to estimate the length and density distributions
of the nanotubes. The most important feature of this framework is its insensitivity to large
variations in contact resistance (which currently hampers electrical estimation of SWNT
length and density through conventional means). By measuring bridging frequencies of
devices with varying electrode gaps and spanning angles, maximum likelihood estimation
can be used to guess the underlying length and density distributions of the nanotubes. The
results were independently verified with other methods such as AFM and SEM. Process
perturbations were investigated by reducing the catalyst density prior to nanotube growth.
The resulting reduction in nanotube surface density was detected using the PCMs and
independently verified by SEM images.
Device monitor arrays capable of achieving moderate process yields were designed
based on the ’standard’ length and density distributions using Monte Carlo simulations.
Devices were fabricated on 16 × 16 mm chips with a yield of 52% of which 57% were semiconducting. Parameter distributions were extracted from semiconducting devices, showing a median ON-resistance of approximately 206 kΩ and a threshold voltage of −0.25 V.
The fabrication process was successfully transferred to 100 mm wafers. PCMs were
fabricated on 100 mm wafers and an automated test bench was setup to measure a large
number of devices. A total of 4463 devices were obtained on a single wafer with a process
yield of 47%, with 29% semiconducting devices. The devices showed an ON-resistance of
122 kΩ and a threshold voltage of −0.5 V. Wafer maps of the parameter distributions were
analyzed to identify the non-uniformities across the wafer.

5.2 Carbon nanotube gas sensors
Using the device arrays, contact-passivated gas sensors were fabricated by opening a window in the middle of the channel. The sensors responded to NO2 by a shift of the transfer characteristics, indicating that adsorption on the nanotube was sufficient to produce
a response. Analysis of the concentration dependence showed that the sensor response
followed the Langmuir isotherm.
Sensor recovery was successfully achieved by heating on a miniaturized heater at 120◦ C
for 30 minutes. Experiments with self-heating of substrate-bound transistors (with the goal
of applying the concept for low-power recovery) indicated heating only at a power >
300 µW. The temperature rise calibrated using Raman spectroscopy indicated an increase
of approximately 150◦ C at 800 µW of self-heating power, which provides no substantial advantage over current low-power technologies. Furthermore, constant-bias meas-
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urements highlighted the problem of baseline drift, which was subsequently suppressed
with pulsed sweeps. Ultra-low-frequency noise measurements suggested the presence of
1/ f noise which became dominant near the sub-threshold region, highlighting substraterelated charge noise effects that reduced the signal-to-noise ratio in these sensors.
As an alternative, suspended, ultraclean nanotube devices were fabricated using a dry
transfer technique. NO2 response was observed for both contact-passivated and unpassivated devices, further supporting the hypothesis that the nanotubes were indeed sensitive
to NO2 . These devices showed superior performance for gas sensing, with a 9-fold signalto-noise ratio enhancement compared to substrate-bound devices due to the suppression
of substrate-related charge noise. Baseline drift at constant bias was also absent in these
devices, enabling simpler approaches to drive and measure the gas sensors.
The key advantage of suspended devices, however, was their ability to achieve substantial self-heating at low power. A suspended, passivated device which showed response
to NO2 was recovered at a power of 2.9 µW within 10 minutes, which is the lowest reported operating power for an NO2 sensor. Recovery was possible in air and required no
additional components, which made it a simple and practical technique to achieve sensor
recovery.

5.3 Future work
With the additional information gained from the experiments and data presented in this
thesis, we can speculate on the future directions of research on this topic that would lead
to practical CNFET NO2 sensors. We can classify these problems according to the time
scale in which they should be addressed, as follows:
5.3.1 Short and medium-term research questions:

Scalable, suspended sensor architecture: Integrating suspended nanotubes on a scalable platform can be challenging, especially when it is important to maintain the pristine
nature of the nanotube. The nanotube resonator platform developed at Micro and Nanosystems, ETH Zurich by Shih-Wei Lee is one such example [56, 270]. In this process, despite
the use of wet-processing to integrate the nanotube after growth, a protective Al2 O3 layer
shields the nanotube from contamination, and the transfer characteristics show very little
hysteresis. Such a platform would also be interesting for gas sensing. While the device
yield with this process is currently quite low, and the application of aligned growth may
improve the yield dramatically.
This concept can also be adapted to the device arrays fabricated in this thesis. By using
an Al2 O3 protective layer for wet processing and subsequently releasing the nanotubes
by etching the SiO2 (the SiO2 thickness must be increased from 70 nm to about 500 nm),
it would be feasible to obtain moderate yields of suspended, contamination-free device
arrays.
On the other hand, another possibility is to adapt the device monitor design to incorporate trenches into the structure across which nanotubes can bridge as before. Once
the nanotubes bridge, a wafer-scale shadow-mask may be applied to form contacts onto
the nanotube. The process begins on an Si/SiO2 wafer or a plain silicon wafer. Arrays of
trenches are etched into it using dry etching (ICP-DRIE) followed by the formation of thick
oxide to serve as the gate insulator. In subsequent steps, the catalyst islands are defined
and SWNTs are grown. The nanotubes are expected to follow similar bridging rules as on-

124

5.3 Future work

a)

b)
catalyst

d)
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metal

CNTs
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f)

Figure 5.1: Schematic of a parallel integration process for suspended, ultraclean nanotube sensors.
a-b) Reactive ion etching to define trenches into SiO2 and silicon. c) Oxidation of the trenches
to form an electrical barrier to the gate to prevent the SWNTs from shorting to the gate in the
subsequent steps. d) Definition of catalyst islands. e) Growth of SWNTs at 850◦ C . f) Contact
metalization using a stencil mask in close proximity to the device wafer. The nanotube channels
are shielded during evaporation, while only the electrode areas are exposed.

substrate, since most of the large-diameter nanotubes in this process show base growth
mechanism (catalyst is attached to the substrate and the nanotube grows upward). The
critical step is the metal contact formation, where it is necessary to use a wafer-scale stencil
mask to shield the nanotubes during metal evaporation. Wafer-scale stencil masking has
been shown to be feasible with extremely high resolution (50 nm) [271–273]. Finally, an
optional passivation step may be performed.
This process represents the combination of the moderate-yield PCM process with the
impressive device performance of the suspended, ultraclean devices, using which high
quality SWNT sensors can be fabricated on a wafer scale at moderate yields. This method
can be effectively utilized for forming sensor arrays that can be used to better understand
aspects of the sensors such as the statistical characterization of sensor response, humidity
dependence and noise behavior as a function of device resistance, contact metal, polymer
functionalization etc. Sensor recovery by self-heating is also possible in these suspended
nanotube sensor arrays.
Sensing mechanisms: The question of sensing mechanisms in carbon nanotubes was
partially addressed in this thesis, but a better understanding of these mechanisms is essential for better design of the sensor architecture. On one hand, academic questions of
NO2 adsorption mechanisms are interesting to have better guidelines for engineering the
nanotube or metal surface. On the other hand, the adsorption and desorption kinetics of
the sensor, as well as the sensitivity can be engineered intelligently, if a systematic understanding of the sensing mechanisms is achieved.
CNT transistor model: In order to aid device design, the development of a device
model similar to TCAD (Technology Computer-Aided Design) models in standard semiconductor industry would be of great interest. This is a challenging task for carbon nanotube transistors, since the fabrication processes are poorly controlled and device char-
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acteristics are influenced by several parameters with unknown distributions. In some
cases, the physics related to the cause of these fluctuations is still poorly understood. Nevertheless, research into such a model including the effects of work-function differences,
Schottky barriers, gate coupling, charge trapping and gate hysteresis can be tremendously
useful for improving CNFET technology.
5.3.2 Long-term research questions:

Functionalization: A common difficulty for chemical sensors is selectivity. Besides the
target analyte, a selective sensor should respond to as few gases and vapors as possible.
Unfortunately, this selectivity often comes at the cost of increased interaction energies,
which then makes the sensor difficult to recover. Finding an appropriate gas-sensitive
functional layer for the target analyte is a challenging task that requires systematic understanding of the effect of the functional layer on the device characteristics as well as its
behavior towards the target analyte. Functionalization of the nanotube surface can potentially not only improve its selectivity, but also its transient response and recovery times.
Covalent functionalization of the nanotube is often not desirable, since this is accompanied by a degradation of the electronic properties. Adsorbates such as metal nanoparticles
[88, 274, 275], single-stranded DNA [276, 277] and polymers [89] have been utilized for
enhancing the performance of carbon nanotube gas sensors, but the precise impact of the
functionalization is not clear. By studying functionalization of individual-tube devices
in their pristine condition, it may be possible to understand the effects better. Additional
functional layers such as Copper Phthalocyanine (CuPC) may also be explored for improving the response times for NO2 sensing.
Improving yield: It is a daunting task to be able to control nanotube length, density,
diameter, orientation and type over large wafers. Improvements in distributions for each
of these quantities has been individually shown, but simultaneous control still remains
elusive. The long-term prospects of commercial applications of nanotubes heavily depend
on significant advances in SWNT growth.

5.4 Final remarks
Despite several advances in fabrication technologies for carbon nanotubes, achieving a reliable, high-yield process remains difficult. It is hoped that the process development and
process control strategies presented in this thesis contribute to the advancement of the
state-of-the-art. Improved understanding of the sensor response is anticipated to provide
a better direction to carbon nanotube gas sensor design. Combined with ultra-low power
self-heated recovery, it is hoped that this work brings the prospect of low power, miniaturized, high-performance carbon nanotube gas sensors one step closer to reality.
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A.1 Process runsheet for chip-scale CNFET fabrication (run KC09)
Step 1: Dicing
P(MMA-MAA) in ethyl lactate
1000 rpm, 45 s
Bake
120◦ C , 5 min
Dicing parameters
blade speed
30000 rpm
feed rate
10 mm/s
Wafer thickness
700 µm
Blade-chuck distance
300 µm
x and y-index
4 mm
Resist strip
Acetone
10 min
NMP
80◦ C , 1 h, RT: 72 h
At this stage, samples are cleaved into 16 × 16 mm chips
Step 2: Marker etching
Spin coat photoresist
P(MMA-MAA) in ethyl lactate
1000 rpm, 2s acc, 3 s
2500 rpm, 2s acc, 40 s
Bake
180◦ C , 5 min
Deep-UV exposure
Dosage
300 s @ 18 mW/cm2
Development
MIBK:IPA 1:3
60 s
IPA rinse
60 s
Reactive Ion Etch
SiO2 (70 nm)
Ar/CHF3 plasma, 150 W, 5
min
Si (80 nm)
O2 /CF4 plasma, 100 W, 1
min
Resist clean
NMP
80◦ C , 1 h, 72 h @ RT
Acetone/IPA rinse
5 min each
H2 SO4 /H2 O2 Piranha, 70◦ C
30 min
DI water rinse
5 min
Step 3: Catalyst island definition
Spin coat photoresist
P(MMA-MAA) in ethyl lactate
1000 rpm, 2s acc, 3 s
2500 rpm, 2s acc, 40 s
Bake
180◦ C , 5 min
Deep-UV exposure
Dosage
300 s @ 18 mW/cm2
Development
MIBK:IPA 1:3
60 s
IPA rinse
60 s
Residue cleaning
O2 plasma
100 W, 30 s
Ferritin adsorption
Dip chips into calibrated dilution
3 min
DI water rinse
1 min
IPA rinse and blow dry
1 min
Lift-off
Acetone (prepare 3 beakers)
Beaker 1: 10 s, Beaker 2: 20 s,
Beaker 3: 30 s
NMP
80◦ C 1h, 1 day @ RT
Catalyst calcination
Bunsen burner
10 min
Step 4: SWNT growth
Low-pressure chemical Temperature
850◦ C (heat up in air)
vapor deposition
Catalyst reduction in H2
331 mbar, 5 min
Spin-coat photoresist
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SWNT growth phase: H2 /CH4

Layer 1

Sample unload
Step 5: Metal contact formation
P(MMA-MAA) in ethyl lactate

Layer 2

Bake
PMMA in ethyl lactate

Deep-UV exposure
Development
Metal evaporation
Lift-off

Annealing
Atomic layer deposition
Spin coat photoresist
Deep-UV exposure
Development
Al2 O3 etch
Resist clean

Bake
Dosage
MIBK:IPA 1:3
IPA rinse
2 nm Cr
60 nm Au
NMP
Rinse away metal particles after 10 min
Acetone/IPA rinse and blow dry
Step 6: Anneal and passivation
in ALD tool
40 nm Al2 O3 (TMA/H2 O)
Step 7: Contact pad opening
P(MMA-MAA) in ethyl lactate
Bake
Dosage
MIBK:IPA 1:3
IPA rinse
4:1 Phosphoric acid : DI water
NMP
Acetone/IPA rinse and blow dry

58 s @ 0.2 slm/34 s @ 1 slm,
15 min growth
below 150◦ C
1000 rpm, 2s acc, 3 s
2500 rpm, 2s acc, 40 s
180◦ C , 5 min
1000 rpm, 2s acc, 3 s
2500 rpm, 2s acc, 40 s
180◦ C , 5 min
600 s @ 18 mW/cm2
60 s
60 s
0.1 nm/s
0.1 nm/s
80◦ C , 1 h, 72 h @ RT
5 min each
300◦ C , 10 mbar N2 , 1 h
460 cycles, 300◦ C
1000 rpm, 2s acc, 3 s
2500 rpm, 2s acc, 40 s
180◦ C , 5 min
300 s @ 18 mW/cm2
60 s
60 s
55◦ C , 5 min
80◦ C , 1 h, 72 h @ RT
5 min each

A.2 Process runsheet for wafer-scale CNFET fabrication (from run KC-F4)

Spin coat photoresist
Deep-UV exposure
Development
Reactive Ion Etch

Step 1: Marker etching
P(MMA-MAA) in ethyl lactate
Bake
Dosage
MIBK:IPA 1:3
IPA rinse
SiO2 (70 nm)
Si (80 nm)

Resist clean

Spin coat photoresist

NMP
Acetone/IPA rinse, blow-dry
O2 plasma
Step 2: Catalyst island definition
P(MMA-MAA) in ethyl lactate

Deep-UV exposure
Development

Bake
Dosage
MIBK:IPA 1:3

Residue clean
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1000 rpm, 2s acc, 3 s
2500 rpm, 2s acc, 40 s
150◦ C , 5 min
310 s @ 20 mW/cm2
120 s
120 s
Ar/CHF3 plasma, 150 W, 5
min
O2 /CF4 plasma, 100 W, 1
min
80◦ C , 1 h, 72 h @ RT
5 min each
2 min, 100 W
1000 rpm, 2s acc, 3 s
2500 rpm, 2s acc, 40 s
180◦ C , 5 min
310 s @ 20 mW/cm2
120 s

A.2 Process runsheet for wafer-scale CNFET fabrication (from run KC-F4)

Residue cleaning
Ferritin adsorption
Lift-off
Catalyst calcination
Low-pressure chemical
vapor deposition

IPA rinse
O2 plasma
Dip wafer into calibrated dilution
DI water rinse
IPA rinse and blow dry
Acetone (prepare 3 beakers)
NMP
Bunsen burner
Step 3: SWNT growth
Temperature
Catalyst reduction in H2
SWNT growth phase: H2 /CH4

Layer 1

Sample unload
Step 4: Metal contact formation
P(MMA-MAA) in ethyl lactate

Layer 2

Bake
PMMA in ethyl lactate

Deep-UV exposure
Development
Metal evaporation
Lift-off

Annealing
Atomic layer deposition
Spin coat photoresist
Deep-UV exposure
Development
Al2 O3 etch
Resist clean

Bake
Dosage
MIBK:IPA 1:3
IPA rinse
2 nm Cr
60 nm Au
NMP
Rinse away metal particles after 10 min
Acetone/IPA rinse and blow dry
Step 5: Anneal and passivation
in ALD tool
40 nm Al2 O3 (TMA/H2 O)
Step 6: Contact pad opening
P(MMA-MAA) in ethyl lactate
Bake
Dosage
MIBK:IPA 1:3
IPA rinse
4:1 Phosphoric acid : DI water
NMP
Acetone/IPA rinse and blow dry

120 s
100 W, 60 s
3 min
1 min
1 min
Beaker 1: 20 s, Beaker 2: 20 s,
Beaker 3: 30 s
80◦ C 1h, 1 day @ RT
10 min
850◦ C (heat up in air)
331 mbar, 5 min
58 s @ 0.2 slm/34 s @ 1 slm,
15 min growth
below 150◦ C
1000 rpm, 2s acc, 3 s
2500 rpm, 2s acc, 40 s
180◦ C , 5 min
1000 rpm, 2s acc, 3 s
2500 rpm, 2s acc, 40 s
180◦ C , 5 min
630 s @ 20 mW/cm2
120 s
120 s
0.1 nm/s
0.1 nm/s
80◦ C , 1 h, 72 h @ RT
5 min each
300◦ C , 10 mbar N2 , 1 h
460 cycles, 300◦ C
1000 rpm, 2s acc, 3 s
2500 rpm, 2s acc, 40 s
180◦ C , 5 min
310 s @ 20 mW/cm2
120 s
120 s
55◦ C , 5 min
80◦ C , 1 h, 72 h @ RT
5 min each

131

B Measurement setups
B.1 Electrical measurements
B.1.1 Pulsed gate sweep setup

For the pulsed gate sweep measurements, the setup previously developed in the group
was adapted. The main advantage of this method is the rapid data acquisition capability,
which allows us to complete a bi-directional ±10 V sweep within 200 ms. The setup consists of a National instruments data acquisition card DAQ PCI-6281 which is capable of
applying gate voltage pulses and acquiring analog voltages at upto 500 kS/s and 18-bit
resolution. This card is used to apply the gate voltage pulses. The source-drain voltage is
applied using a Keithley 2400 Sourcemeter coupled with a 7 Hz low-pass filter to eliminate spikes and power noise. The drain current is fed into a DLPCA-200 I-V converter from
Femto GmBH which converts it into an analog voltage (at tunable gain) which is then acquired using the DAQ. The entire setup is controlled using a LabVIEW script which can
be used to vary several parameters as well as automate long-term measurements.
For the gas measurements carried out at Siemens in Munich, a similar setup capable of
a 4-channel measurement using NI PCI-6289 was used instead. For this setup, the sourcedrain voltages were also applied using the NI card and DHPCA-100 I-V converters were
used.
B.1.2 Constant-bias measurement setup

Although the DAQ setup is capable of rapid measurement, it is limited by the resolution of
input acquisition, which is 18-bit. Since constant-bias measurements do not require rapid
data acquisition, a second setup with higher resolution and range was used to acquire data.
This setup consisted of Keithley 2400 Sourcemeters for applying and measuring drain and
gate voltages, while Keithley 2000 Multimeters were used to read the drain current which
was amplified by the DLPCA 200 I-V converter. This measurement setup was capable of
reaching a resolution of 10 pA. The gate sweeps and constant-bias measurements were
automated using a pre-existing LabVIEW program.
B.1.3 Wafer-scale electrical measurement setup

For wafer-scale measurements, it was necessary to characterize thousands of devices within
a reasonable time frame, due to which a fully-automated probing system was developed.
The setup consists of a Cascade Microtech Summit 12000 AP semi-automatic probe station and an Agilent B1500A semiconductor parameter analyzer. The probe-station is semiautomatic, meaning that the stage movement can be precisely controlled using the software program Nucleus which is supplied with the prober.
Agilent provides drivers for the Summit prober, which can be used to drive the stage to
a specified location on the wafer and perform a series of tests through its EasyEXPERT software. In general, the work flow for successfully automating the measurements consists of
the following steps:
1. Create a wafer map in Nucleus: First, specify the location of the individual dies on
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2.

3.
4.
5.
6.

the wafer. Second, create the ’subsites’ where the specific measurements (in this case
gate sweeps) must be performed. For instance, on the CNFET wafer, each device
electrode pair is a subsite.
Create a test program in EasyEXPERT: Use the Agilent software to setup a customprogram that includes the required test as well as a ’subsite move’ in sequence. Load
this program onto the workspace.
Load and align the wafer onto the prober.
Align the probe needles and make the necessary connections to the Source-Measure
Units (SMUs). The chuck-bias option can be used for the back-gate.
Setup the file formats for saving in EasyEXPERT.
Use the ’Repeat Measurement’ option on the EasyEXPERT with the ’Start procedure’
’Iteration procedure’ and ’Final procedure’ set to the prober-specific files supplied
with the software.

The B1500A is capable, in principle, of a current resolution of about 1 fA. However,
this level of precision requires prohibitively long integration times, due to which a tradeoff was made between speed and resolution for the measurements on the wafer. With
a resolution of about 10 pA, each 200-point gate sweep required approximately 4 s to
complete.

B.2 Gas flow system
B.2.1 Setup at Siemens Corporate Technology, Munich

Initial experiments in this thesis were performed at the gas test setup at Siemens, Munich.
This setup consisted of several gas lines and mass flow controllers which were connected
with Swagelok fittings. This setup was also capable of introducing controlled humidity
into the chamber through a temperature-controlled bubbler unit. The flow rates used was
1 L/min. For calibrating gas concentration, the exhaust from the chamber was fed into a
NOx chemiluminescent detector from Eco Physics AG. The detection limit of this analyzer
was 2 ppb.
B.2.2 Setup at Micro and Nanosystems ETH Zurich

A second setup for gas measurements was established at Micro and Nanosystems by refurbishing an existing setup in the Bio-Engineering Laboratory at ETH Zurich. This setup
consisted of dry air and NO2 lines which were controlled using an NI DAQ and a LabVIEW program. The system flow was 200 sccm. The flows were controlled using MKS
mass flow controllers and Swagelok pneumatic valves, through which a range of NO2
concentrations could be generated. The NO2 concentration was calibrated using a commercially available sensor from Alphasense (NO2 -A1) with a detection limit of 20 ppb.
Table B.1 summarizes the performance parameters of the sensor [171].

B.3 Gas chamber and miniature heater setup design
B.3.1 Gas chamber design

Preliminary experiments were performed using a pre-existing gas chamber designed by
Dr. Moritz Mattmann in the Micro and Nanosystems group. However, an improved setup
with the aim of reducing the chamber dead volume and providing access to a reference
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Parameter

Value

Sensitivity

-400 to -750 nA/ppm

Response time (t90 )

< 40 s

Resolution

0.02 ppm

Range

20 ppm

Operating life

>24 months

Temperature range

-20 to 50 ◦ C

Humidity range

15 to 90%

Table B.1: Alphasense NO2 -A1 performance parameters, obtained from [171].

sensor next to the CNFET sensor was designed and fabricated as part of a semester thesis
by Silvan Staufert.
The chamber consists of two sets of inlets and outlets (see figure B.1), one at the sides
of the chamber and one on the top. There is an exchangeable partition that can either be
used to block flow from the top or allow laminar flow through a perforated plate. The
device is placed in an sealed socket and connected externally through a D-sub connector.
The reference sensor (NO2 -A1 from Alphasense) is placed next to the CNFET sensor, in
order to ensure precise calibration. The total chamber volume is approximately 6 mL.
B.3.2 Miniature heater integration

Initial sensor recovery measurements were performed by placing the sensor on a hotplate
for the specified duration. However, in order to perform systematic, automated heating
for recovery, a miniaturized platinum heater was used. The heater design was completed
as part of two student projects: Yang Fang (Bachelor Thesis) and Cécile Rod (Semester
thesis). Two different setups were investigated: in one case, the heater was placed below
the chip carrier, while in the second setup the heater was glued directly under the chip.
(The chip was separated from the heater using a piece of paper and epoxy glue for insulation.) It was found that the setup with the heater glued under the chip carrier suffered
from very long stabilization times and poor temperature reproducibility, due to poor heat
conduction through a small air gap introduced between the carrier and the socket. The
temperature was also affected when the chip was removed and re-inserted. Therefore,
the second setup with the heater glued directly beneath the CNFET chip was used for all
experiments.
The temperature of the heater and the chip surface as a function of heating power was
calibrated using a PT100 temperature sensor. The results of the calibration are shown in
figure B.2. The stabilization time for the heater was approximately 5 min, and the cooling
time was approximately 10 minutes.
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Rubber sealing

Exchangeable
sealing plate
CNFET sensor
Reference sensor

Figure B.1: Image of the gas sensor chamber. The CNFET sensor sits immediately next to the reference sensor. The chamber is sealed with NBR rubber sealings. The top half of the chamber is
removed in this image. The sealing plate can be entirely removed or exchanged with a perforated
one to change the flow conditions. The flow can either be along the sensor (red arrows) or from
above (blue arrows). For all experiments, the parallel flow was used. Images courtesy of Silvan
Staufert [278].

a)
Socket
Chip carrier
Miniature heater
Gas sensor chip

b)

c)

Figure B.2: Miniature platinum meander heater integrated onto the gas sensor chip. a) The heater is
placed between the chip carrier and the sensor chip, and wire-bonded to the chip carrier pads. b)
Temperature rise ∆ T as a function of the heater current. c) Temperature rise as a function of the
power (P=I2 Rheater ) of the heater. A temperature rise of about 120◦ C is achieved at 1 W. This work
was implemented as part of the bachelor thesis of Yang Fang [279].
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C Optimality of the monitor designs
a)

b)

c)

e)

f)
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d)

Figure C.1: Different designs obtained by sampling the (r,θ) matrix. a) ’T’ design, which is the selected
one. b) ’X’ design, c) ’L’ design, d)’H’ design, e) ’checkerboard (CB)’ design and f)’Rnd’ design.

In the main text, one design for the length and density monitors was discussed, but this
is only one of over 2 million possible combinations possible for the chosen set of (r,θ) values. To evaluate the most efficient sampling method, we consider a set of possible designs,
as shown in figure C.1. Among these, the first distribution is our fabricated design, which
we call the ’T’ design for convenience. Similarly, the other designs are called ’X’, ’L’, ’H’,
’CB (checkerboard)’ and ’Rnd (random)’ respectively. Such a choice of designs is difficult
to optimize due to the huge number (>2 million) of possible designs, and here we choose
five designs to compare against the chosen one. These designs are chosen to reflect different trends in sampling r and θ (for instance, the L-design follows highest-r and lowest-θ
trend, while the X-design follows a linear progression in both r and θ). In all cases, ’artificial’ data is generated using Monte Carlo simulations and the fits are performed using the
MLE procedure described in the main text.
To obtain better insight into the different designs, the parameter estimates (and 99%
likelihood intervals) obtained for N=1000 trials are plotted in figure C.2. For reference, the
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parameters assumed for the initial distribution in the Monte Carlo simulations are also
shown.
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Figure C.2: Comparison of the different designs with respect to their estimation accuracy and precision for parameters a, b and λ. The red dashed line corresponds to the value used for the Monte
Carlo trials.

From figure C.2, we can see that designs L, H and Rnd are not accurate, and have large
estimation errors. On the contrary, the T, X and CB designs appear to be comparable, but
the T design consistently estimates all three parameters well.
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Figure C.3: Dependence of the likelihood intervals on the number of trials for the different designs.
The intervals for a, b and λ are plotted.

Another important aspect to consider is the deterioration of performance as the number
of trials N is decreased. This is important in order to keep the number of devices required
to a minimum. The 99% likelihood intervals for the designs are plotted as a function
of the number of trials N (figure C.3) in order to obtain a better understanding of this
dependence. The likelihood intervals indicate the precision of the estimation and it is
therefore desirable to minimize the interval size.
Based on this analysis, we can now rank the different designs in terms of their interval
size for N = 100 (small N). The results are then added up; the lowest ranking design is
considered the optimal design in this case.
It is clear that the T-design is the most efficient at minimizing the likelihood intervals.
This justifies our choice from the main text. It must be noted that even with the T-design,
there is incentive to go further to the top-right of the matrix (smaller r for length monitors,
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4

T

X

L

H

CB

Rnd

a

2

6

1

4

3

5

b

1

5

6

2

3

4

λ

2

1

6

4

3

5

Total

5

12

13

10

9

14

Table C.1: Rankings of the different designs based on their likelihood intervals for a, b and λ

and larger θ for density monitors) which is confirmed by a local optimality test. However,
this is currently limited by the tolerances of the photolithographic process, and a trade-off
is made in the current case.
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D Gas response of Contact-open,
substrate-bound devices
As part of the ongoing investigations on sensing mechanisms, some of the CNFET arrays
were used to create open-contact, closed-channel devices as a counterpart to the openchannel, closed-contact devices presented in the thesis. The Cr/Au contacts were opened
using e-beam lithography followed by Al2 O3 etching, which resulted in open contacts as
shown in figure D.1.
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20
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-0.00
-0.02
-0.04
-0.06
0

1

2
x (µm)

3

4

Figure D.1: Contact-opening on substrate-bound devices. a) An AFM amplitude scan showing the
electrode arrays after opening. the windows are opened on top of the contact regions. b) A
close-up of the green box from a), showing the etch pattern. some nanotubes are also visible.
c) A cross-section from a) highlighted in blue, showing the height profile of the open window.
It appears that the window opening is complete (about 40 nm height difference, which is the
thickness of the Al2 O3 layer), but the etch front extends over the channel region as well. d) A
close-up of the central channel region nevertheless indicates that about 15 nm of Al2 O3 is still
covering the entire channel region. Effectively, about 200-400 nm of the contact region is also still
under Al2 O3 of gradually increasing thickness. At the tip of the electrode, the Al2 O3 thickness is
about 15 nm.

The window-opening process on top of the electrodes resulted in large undercuts, possibly due to the poor adhesion of the photoresist, which resulted in extended etch fronts
on top of the electrodes. Nevertheless, the etch was successful– only about 200-300 nm
of the electrode region remained under the Al2 O3 layer, while the rest of the layer was
etched away from the electrodes near the device. The devices were then measured for gas
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D Gas response of Contact-open, substrate-bound devices
response using pulsed p+- gate sweeps as before. Figure D.2 shows the effect NO2 on the
sensor response measured from several devices on this chip.
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Figure D.2: Response to 1 ppm NO2 of open-contact, passivated-channel CNFETs. a) Transient response of 4 different devices measured on a single chip. The section with NO2 is shown in grey.
b) The transfer characteristics of one such device measured in dry air (black) and 1 ppm NO2
(red) shows no significant change in the response.

The devices measured in this study failed to show a clear response to NO2 . These results
were confirmed from similar studies on another chip. In total, none of the 11 devices
measured from these chips showed response to NO2 with this architecture. There are
several possible explanations for the absence of sensor response in these devices, and each
one will be analyzed below.
The common argument for metal-induced sensor response is the change in its work
function induced by adsorbates. Specifically, polar molecules adsorbing on the surface of
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the metal create an ’image charge’-like response on the metal surface. This results in a
change in the energy required to remove an electron from the surface of the metal (which
is the definition of work function). Although the effect of water [280], oxygen [281] and
ammonia [282] on gold is well-studied, there is little information available about the interaction of gold with NO2 . It is plausible that the behavior of a polar molecule such as NO2
does change the work function. If this assumption is true, the alternative explanation to
explain the lack of sensor response is that the work function change does not affect the
device unless it is sufficiently close to the metal-nanotube interface (relative to the grain
size). In this study, the open surface of the device is still 200-400 nm away from the interface while the size of the gold grains is few 10s of nm. Reducing this passivation distance
further may provide more insight.
The other possibility is that the device contact resistance is too small to affect the overall resistance of the nanotube. However, output characteristics on these devices showed
Schottky-type response especially at low gate voltage, indicating that a change must be
expected at least at low gate voltage. Therefore, this hypothesis cannot be valid.
Finally, it is possible that the NO2 adsorption on Au did not create a work function
change. In this case, a better insight may be obtained by repeating this set of experiments
on devices with a contact material which has a known response to NO2 , such as ZnO [283].
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E List of Fabrication runs and samples
E.1 CNFET arrays on chips
Run #

Success- #
ful?
devices

Non-standard fabrication conditions

Cause of failure

Gas
sensors?

KC01

Yes

94

AZ5214E resist and
Pd electrodes

–

No

KC02

Yes

39(Cr/Au) AZ5214E resist and
30 (Pd)
Pd electrodes and
Cr/Au electrodes

–

No

KC03

No

–

AZ 5214E resist

poor ferritin lift-off

No

KC04

No

–

AZ 5214E resist

poor ferritin lift-off

No

KC05

Partial

28

AZ 5214E resist

ferritin lift-off only
successful on 2
samples

No

KC06
(student
project)

Partial

163

AZ 5214E and annealing studies

ferritin
lift-off
failed on some
samples

Yes

KC07

No

–

Al2 O3 dielectric

poor ferritin lift-off

No

KC08

No

–

No plasma ashing
before adsorption

No catalyst
sorbed

No

KC09

Yes

709

–

–

Yes

KC10

No

–

Thinner PMMA

poor ferritin lift-off

No

KC11

No

–

Lift-off
change

poor ferritin lift-off

No

KC12

No

–

–

Samples damaged
in transport

No

KC13

Yes

31

Lower ferritin density

–

Yes

procedure

ad-
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E List of Fabrication runs and samples
KC14
(student
project)

Yes

126

KC15

No

–

KC16
(with
Wei
Liu)

Yes

180

Non-volatile
memories
Ferritin

–

No

Suspended SWNT
test with trenches

Low ferritin density

No

Al2 O3 protective
layer

–

Yes

with

Table E.1: The list of all the fabrication runs for substrate-bound samples is shown below. Where
deviations from the standard fabrication flow in appendix A are present, these are identified. The
cause for failure of the run is given in case of failed runs. If the devices were converted to gas
sensors, these are also listed.

E.2 CNFET wafers
Run #

Success- #
ful?
devices

Non-standard fabrication conditions

Cause of failure

Gas
sensors?

KC-F1

No

–

–

wafer cracked during calcination

No

KC-F2

No

–

–

SWNT growth failure

No

KC-F3

Yes

–

30
min
growth

Too high tube density

No

KC-F4

Yes

4463

–

–

No

SWNT

Table E.2: Wafer-scale fabrication of CNFET arrays. The deviations from the standard process runsheet are described.
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E.3 Suspended transfer-devices

E.3 Suspended transfer-devices
Sample #

Bottom
metal

No. of
devices

Top-metal

Passivation

FETt4

Pd

1

None

None

FETIV-1

Pd

2

Pd

None

FETtVII-1

Pd

1

None

None

FETVIII-3

Au

3

Pd

None

FETVI-4

Au

1

None

None

FETt0-4

Pd

1

None

40 nm Al2 O3 300◦ C

FETXI-1

Pd

2

None

40 nm Al2 O3 300 ◦ C

FETXX-8

Pd

1

None

40 nm Al2 O3 300 ◦ C

FET-htr1
(on heater)

Pd

1

None

40 nm Al2 O3 300 ◦ C

FET-htr2
(on heater)

Pd

2

None

40 nm Al2 O3 300 ◦ C

Table E.3: List of suspended devices used for gas measurements.

E.4 Device geometries
Suspended devices
Dry transfer

Fabrication
process
Contact metal

Contact passivation
Gate dielectric
Gate distance
Channel
Length

On-substrate
devices
Photolithography

Type-I
80 nm Pd
(bottom) or
60 nm Au
None

Type-II
80 nm Pd
(bottom) +
50 nm (top)
None

Type-III
80 nm Pd
(bottom)

2 nm Cr + 60
nm Au

40 nm Al2 O3

40 nm Al2 O3

Air (suspended)

SiO2

4 µm
2-3 µm

70 nm
2-3 µm

Table E.4: Geometric parameters for all the device architectures fabricated in this thesis.
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