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Quotation

Love the Lord your God with all your heart,
with all your soul,
and with all your mind.
Love your neighbour as you love yourself.

Jesus Christ according to Matthew 22, 37-39

to my beloved Noémie
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Abstract
Carbon nanotubes are the tubular form of carbon. Their exceptional properties Nanotubes

make them interesting for a wide range of applications. However, in order to ex- Aim

ploit the properties of an individual single-walled carbon nanotube (SWNT) in an
electromechanical or electronic device, contacts from the macro to the nanoscale
must be established. Processes for integration of SWNTs into microfabricated sys-
tems shall maintain the low defect density of electronic-grade, as-grown carbon
nanotubes.

Standard microfabrication approaches rely on resist-based lithography that Challenge

may contaminate SWNTs, leading to device instabilities such as gate hysteresis.
Although nanotubes are inert against most solvents, aggressive cleaning can still
cause defects in the carbon nanomaterial. On the other hand, cleaning is not
required for nanotubes directly grown on pre-patterned conductive electrodes.
However, the contact materials must endure the high-temperature conditions re-
quired for high-quality SWNT synthesis. This greatly limits the choice of materi-
als for contacting SWNTs.

Here, the integration of individual single-walled carbon nanotubes for electro- Integration of
SWNTsmechanical applications is achieved in a clean manner while maintaining broad

material compatibility. Hysteresis-free, chirality-assigned carbon nanotube tran-
sistors were integrated onto microactuator structures that are compatible with
transmission electron microscopy (TEM), electron diffraction (ED), and confocal
Raman spectroscopy.

In a modified metallisation approach, stencil lithography is implemented by On-Chip
Shadow
Masking

on-chip shadow masks to enable resist-free patterning of metal electrodes. The
shadow mask shields the mid-section of the nanotube. By physical vapour depos-
ition, the contact material is directly deposited onto the suspended end sections
of the as-grown SWNT and yields self-aligned, cone-shaped contacts. Guided
on-chip sliders enable accurate mask alignment with sub-100 nm precision.

In a second approach, nanotubes are transferred onto palladium electrodes Transfer

on a substrate remaining at room temperature. The nanotubes are synthesised
on a separate substrate featuring fork-like supports that can sustain the high-
temperature nanotube synthesis conditions. The manipulation is performed un-
der light microscopy observation to avoid electron-beam-induced carbonaceous
contaminations of the SWNTs. Current monitoring is utilised to detect successful
nanotube placement on the target electrodes. Transfer enables improved control
over nanotube position, orientation, and number. Additionally, it opens up the
possibility to select a specific nanotube.
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Abstract

Both fabrication approaches for carbon nanotube field-effect transistors (CN-Hysteresis-free
CNFETs FETs) eliminate gate hysteresis even when operated at ambient conditions. The

absence of hysteresis and the improved stability of threshold voltage are attrib-
uted to the absence of oxides and contaminations in the vicinity of the suspended,
nearly defect-free nanotube transistor channel. Despite the large gate separation
of 3 µm, subthreshold swings down to 110 mV/dec were achieved.

Mechanical tensile tests have also been performed. For this purpose, nano-Strain

tubes were grown across sharp tip pairs and stretched by driving micro actuators
inside a TEM. Metal markers on the suspended single and double-walled carbon
nanotubes allowed observation of strain, rotation, slippage, vibration, and rup-
ture. Phonon frequency downshifts upon strain were measured by Raman spec-
troscopy and quantitative shift rates were extracted by optical image analysis.

Electromechanical responses of chirality-assigned, suspended CNFETs to uni-Piezo-
resistivity axial strain were recorded. As expected from theory, the strain-induced change

in conductivity depends on chirality.
A clean encapsulation process for the contacts was also developed in order toEncapsulation

provide passivation for oxidation-prone contacts and to distinguish gas-sensing
mechanisms acting at the contacts from those at the nanotube channel. Instead
of patterning by means of resist-based lithography and etching, surface-selective
nucleation of the passivation film during deposition was used to ensure cleanli-
ness. Atomic-layer-deposited alumina (ALD Al2O3 ) nucleates on the contacts but
not on the clean and defect-free surface of suspended individual SWNTs. Nearly
hysteresis-free transistor operation was obtained after Al2O3 deposition at 300 °C.
In contrast, hysteretic effects were observed for non-selective deposition at re-
duced temperature.

The fabrication approaches of CNFETs by shadow masking or by transfer sup-Conclusion

press hysteresis and reduce threshold voltage fluctuations, and hence demon-
strate optimised device performance. The CNFETs can be integrated in micro-
fabricated tensile actuators and allow characterisation by transmission beams re-
quired for high-resolution imaging and chirality assignment.

The clean integration strategies in combination with the demonstrated struc-Achievement

ture assignment provide a solid platform for the evaluation of individual, high-
quality SWNTs as electromechanical transducers.
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Zusammenfassung
Kohlenstoff-Nanoröhren sind die röhrenförmige Ausprägung von Kohlenstoff. Nanoröhren

Ihre aussergewöhnlichen Eigenschaften sind interessant für eine grosse Band-
breite von Anwendungen. Um ein einzelnes einwandiges Kohlenstoffnanoröhr- Ziel

chen (SWNT) als elektronisches Sensorelement verwenden zu können, braucht
es Fabrikationsprozesse die elektrische Kontakte zwischen der Makro- und der
Nanowelt herstellen. Die Integration von SWNTs in Mikrosysteme soll die
mechanische und elektronische Qualität des Ausgangsmaterials nicht mindern.

Etablierte Fabrikationsmethoden der Mikrosystemtechnik strukturieren mittels Heraus-
forderungFotolack und können winzige Verunreinigungen hinterlassen. Lackreste sind eine

mögliche Ursache von elektrischen Instabilitäten wie Hysterese im Bezug auf die
Steuerspannung. Obwohl Kohlenstoffnanoröhren gegen die meisten Lösungsmit-
tel beständig sind, können aggressive Reinigungsprozesse dennoch Defekte her-
vorrufen. Reinigungsschritte werden hingegen nicht benötigt, wenn die Nano-
röhren direkt auf vorgängig strukturierte leitfähige Elektroden aufgewachsen
werden. Jedoch muss das Elektrodenmaterial der Hochtemperatursynthese stand-
halten können, welche für qualitativ hochwertige Nanoröhrchen benötigt wird.
Dies schränkt die Materialwahl für die Kontakte erheblich ein.

In dieser Arbeit werden Integrationsprozesse untersucht die verunreinigungs- Integration
von SWNTsfrei sind und gleichzeitig eine grosse Materialkompatibilität bieten. Hysterese-

freie, freihängende Transistoren aus Kohlenstoffnanoröhren wurden auf Mikro-
aktuatoren aufgebracht, die kompatibel sind mit kombinierten Untersuchungen
durch Transmissions-Elektronenmikroskopie (TEM), Elektronenbeugung (zur
Chiralitätsbestimmung) und Raman Spektroskopie.

Ein Metallisierungs-Verfahren basierend auf Schablonen-Lithographie ermög- Integrierte
Schattenmaskelicht die Strukturierung von Metallelektroden ohne Fotolack verwenden zu müs-

sen. Schattenmasken werden direkt auf dem Chip eingebaut und beschatten den
mittleren Bereich der freihängenden Nanoröhre während das Kontaktmaterial
als Dünnschicht aufgedampft wird (PVD). Das Kontaktmaterial legt sich direkt
auf den freistehenden Endbereichen des Nanoröhrchens ab. Genau dort entste-
hen kegelförmige Kontakte. Mechanisch geführte Mikroschlitten ermöglichen die
Positionierung der Maske mit einer Präzision von unter 100 nm.

In einem zweiten Ansatz werden die Nanoröhren bei Raumtemperatur auf ein Transfer

Substrat übertragen welches mit Palladium-Elektroden bestückt ist. Die Nano-
röhren wurden zuvor auf einem separaten Substrat hergestellt welches gabelähn-
liche, hochtemperaturbeständige Stützen aufweist. Unter Vermeidung prozess-
bedingter Kontamination werden die Nanoröhren unmittelbar nach der Synthe-
se transferiert. Die Positionierung erfolgt unter Beobachtung im Lichtmikroskop.
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Zusammenfassung

Dadurch werden kohlenstoffhaltige Ablagerungen vermieden welche typischer-
weise im Elektronenmikroskop verursacht werden. Die erfolgreiche Platzierung
von Nanoröhren auf den Ziel-Elektroden wird durch Stromüberwachung detek-
tiert. Die Transfermethode ermöglicht eine verbesserte Kontrolle über die Aus-
richtung, Position und Anzahl der Nanoröhren. Zudem eröffnet sie die Möglich-
keit spezifische Nanoröhren auszuwählen.

Beide Herstellungsansätze für Kohlenstoffnanoröhren Feldeffekt-TransistorenHysterese-
freie

CNFETs
(CNFETs) eliminieren Hysterese im Bezug auf die Steuerspannung – sogar un-
ter Raumbedingungen. Die Unterdrückung der Hysterese und die verbesserte
Stabilität der Schwellenspannung wird der Abwesenheit von Oxiden und Ver-
schmutzungen in der näheren Umgebung des freistehenden, fast fehlerfreien
Nanoröhren-Transistorkanals zugeschrieben. Trotz des grossen Abstands zum
Gatter von 3 µm, entfaltete die Steuerspannung gute Wirkung (S = 110 mV/Dek).

Nanoröhren wurden auf Zug belastet. Hierfür wurden sie über MikrospitzenDehnung

gewachsen welche mittels Mikroaktuatoren betätigt werden. Letztere sind aus-
reichend klein um in Transmissions-Elektronenmikroskope eingeführt zu wer-
den. Metallische Markierungen auf den freistehenden ein- und doppelwandi-
gen Kohlenstoffnanoröhren ermöglichen die Beobachtung von Dehnung, Rota-
tion, Gleiten, Vibration und Bruch. Änderungen der Phononenfrequenzen auf-
grund von mechanischer Dehnung wurden mittels Raman Spektroskopie gemes-
sen und quantitative Änderungsraten durch optische Bildanalyse ermittelt.

Elektromechanische Messungen an CNFETs zeigen dehnungsabhängige Wider-Piezo-
resistivität standsänderungen, in Abhängigkeit der Chiralität.

Passivierung von Metallkontakten kann Langzeitstabilität ermöglichen und istVerkapselung

erwünscht für die Erforschung von Gassensoren. Die Verkapselung der Kontak-
te wird oberflächenselektiv aufgebracht – ohne lack-basierte Verfahren, um Kon-
tamination zu vermeiden. Al2O3 wird durch Atomlagenabscheidung (ALD) auf
die Kontakte aufgewachsen, jedoch nicht auf die saubere, defektfreie Oberflä-
che der freihängenden Nanoröhre. Abscheidung bei 300 °C ermöglichte nahezu
hysterese-freie Transistoren mit eingekapselten Kontakten. Hysterese wurde hin-
gegen nach unselektiver Abscheidung bei tieferen Temperaturen beobachtet.

Beide Fabrikationsmethoden, Schattenmasken-Lithographie und Transfer, un-
Schlussfolgerung terdrücken Hysterese. Die CNFETs können in mikrofabrizierte Zugaktoren einge-

baut werden und lassen sich durch hochauflösende Bildgebung und Chiralitäts-
messung mittels TEM charakterisieren.

Die rückstandsfreien Kontaktherstellungsverfahren in Kombination mit der ge-Erreichtes

zeigten Strukturbestimmung liefern die Grundlage für die Evaluation von einzel-
nen, hochwertigen SWNTs als elektromechanische Messfühler.
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1 Introduction
Context
Materials substantially influence our way of living. Names of archaeological peri- Material

ods often refer to novel materials applied – Stone Age, Bronze Age, Iron Age.
Improved or new products enabled by the properties of advanced materials can Products

disburden and protect life – it may be a clay pot for food storage, a plough on the
field, an arrowhead for hunting or an anti-lock brake system at your bicycle. The
ability to fabricate high quality raw materials and convenient goods has been,
and still is, the basis of wealth and power. As indicated in many heroic stories Action

and modern movies, sound principles has the one who devotes himself to sup-
port those in need, protects the endangered and offers others the possibility to
join the campaign for the well-being of many. The effectiveness of action is based
on courage and on the equipment – technology, excellence of manufacture, and
availability. Many ideas in engineering are hindered by a lack of adequate fabric-
ation capabilities and/or insufficient spread of knowledge about processing.

Modern computing with its dramatic impact on daily life in our society has Impact of
Technologybeen enabled by the development of a novel material: doped silicon used as semi-

conductor in electronic chips and in image sensors for digital photography. The
age of silicon – of course going in parallel with a multitude of other high-impact
materials – not only enabled an extension of the calculation power demanded by
research and engineering. It heavily influences the information exchange revolu-
tionised by the World Wide Web, and by availability thereof via mobile devices.
Considering the recent overthrows in Egypt, Libya and Syria, social networks
powered by silicon-based technology played a crucial role in mobilising people
and alerting international organisations. The use of technology gave once more
proof of its impact on the everlasting (?) struggle of mankind. Courage cannot be
fabricated – although wisely applied technology may open plenty of room and
time for intensive thinking, and may finally lead to courageous ideas. In contrast
to courage, equipment can be fabricated. But advanced equipment can only be-
come part of the action if fabrication meets the required quality at costs which
can be afforded.

One of the major challenges in the well-being of many is the growing energy Energy

demand. Promoted by cheap and hence widely affordable electronics, the num-
ber of electronic devices is growing. On the other hand, the energy efficiency of
computing has been improved over the years.
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1 Introduction

Subject: Carbon nanomaterials
The quest for improved energy efficiency for computation (smart phones, ultra-Low Power

books) and for distributed sensor systems demands novel materials. Carbon
nanotubes (CNTs) [6] and graphene [7] are nanomaterials with potential to re-
duce the energy demand for information processing in electronics and signal ac-
quisition in sensors. Carbon nanomaterials can exhibit superior mobility [8] ofMobility

the charge carriers which represent information, can exhibit quasi-ballistic trans-
port [9, 10] and high current densities. Improved carrier mobility promises re-
duced losses and lesser energy demand. In the future, your mobile phone may
need to be recharged less often – despite its compact design.

The tiny dimensions of carbon nanomaterials are appealing for continuingSize

miniaturisation of electronic systems with small currents and high device density.
Furthermore, fundamentally novel properties related to quantum confinementQuantum

Effects may enable the implementation of new concepts, such as spin-based electronics
(spintronics). The extended spin relaxation times observed in carbon nanotubes
might be exploited for computing [11, 12].

Another interesting feature of carbon nanomaterials is their mechanicalElectro-
Mechanical strength at light weight, rendering them promising candidates for resonant elec-

tromechanical devices and for structural composites – surpassing the mechanical
properties of carbon fibres. Other anticipated application fields are conductive
electrodes for touchscreens and catalytic material for chemical industry.

Whether carbon materials will reach the market in the diverse application areasFabrication

or not, is crucially depending on the fabrication capabilities of the raw material
and on the ability to integrate the material into complex systems.Integration

1.1 Carbon materials: Overview and motivation
Single-walled carbon nanotubes (SWNTs) are tubular nanostructures [6, 13]. TheSWNTs

diameter of these macromolecules ranges from ~0.4 nm [14] to about 5 nm [15].
The tube wall consists of a single layer of carbon atoms. The length of nanotubes
can reach centimetres [16], resulting in a huge aspect ratio.

Carbon is the lightest chemical element that can form four covalent bonds. Car-Carbon

bon builds a large diversity of organic and inorganic molecular compounds. It
is a major element in polymers, natural gas and proteins. In the human body,
carbon is the second most abundant element. Pure, elemental carbon (C) can be
arranged in different structural modifications, so called allotropes.

The three-dimensionally linked tetrahedral lattice structure is known as dia-Diamond

mond, the material of highest hardness due to the strong covalent C–C bonds
(bond length = 0.154 nm).

In graphite, the C atoms are covalently bonded together in a hexagonal arrange-Graphite

ment and form planar sheets. These sheets are stacked with a spacing of 0.335 nm
and are held together by weak interaction forces. The bonding within the sheets
is very strong (bond length = 0.142 nm).

Carbon fibres are cylindrical structures of partially folded graphitic sheets.Carbon Fibres
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1.1 Carbon materials: Overview and motivation

An individual sheet of graphite is called graphene. With a thickness of a single Graphene

atomic layer, the honeycomb-like graphene lattice is a quasi-two-dimensional ma-
terial. The low dimensionality gives rise to exciting electronic properties due to
electron confinement. Additional lateral confinement can be induced in narrow Nanoribbons

ribbons of graphene, so called graphene nanoribbons (GNRs). Depending on the Chirality

relative orientation between the ribbon edge and the hexagons of the graphene
lattice, different patterns can be obtained (chirality). The electrical behaviour of
graphene is semi-metallic [7]. Narrow GNRs and double-layer graphene [17] can
exhibit semiconducting behaviour.

A single-walled carbon nanotube can be pictured as a rolled-up graphene rib- Single-walled
Carbon
Nanotubes

bon seamlessly welded into a tube. Nanotubes can differ in diameter. Addition-
ally, the hexagonal lattice of the rolled-up sheet can have different orientations
with respect to the tube axis. Both diameter and lattice orientation are described
by the term chirality. The variety in chirality influences the electronic properties.
Nanotubes can exhibit semiconducting or metallic properties. The occurrence
and the size of the bandgaps depend on the chirality. The electromechanical be-
haviour is governed by the chirality as well. In contrast to graphene nanoribbons
– for which precise definition of edges is difficult with recent top-down pattern-
ing technologies – carbon nanotubes represent quasi-one-dimensional structures
with atomically-smooth surfaces.

Nanotubes can feature multiple walls with regularly increasing diameters. A Multi-walled

tube consisting of concentrically stacked carbon tubules is called multi-walled
carbon nanotube (MWNT). A carbon nanotube whose wall incorporates exactly
two sheets is called double-walled carbon nanotube (DWNT).

Application areas of single-walled carbon nanotubes
Carbon nanotubes are molecular tubes and have an exceptionally high elastic Stiffness

modulus (Young’s modulus E of ~1 000 GPa) [18, 19]. Nanotubes can sustain Mechanical
Strengthhigh mechanical stress (99 GPa) and withstand large elastic deformations up to

13% [20]. The high resistance against tensile deformation combined with the
ability to sustain large deformation renders nanotubes appealing for structural
composites.

SWNTs are semiconducting or metallic – depending on chirality (see Appendix Electrical
PropertiesB.1.3). Electrical current can flow through an individual nanotube connected

by metal contacts. The nanometre-scale diameters renders them extraordinary Wire-like

quantum wires. The high crystallinity of nanotubes and their atomically-smooth
surfaces reduce scattering in electronic transport.

A transistor is an electronic building block capable of switching or amplifying Sensors and
Electronicssignals. A semiconducting nanotube can act as channel material of a field-effect

transistor (FET). Semiconducting nanotubes are appealing material for electron-
ics. Their width is very small which promises high integration density and offers
quantum confinement useful for single-electron devices. Dense aligned arrays
of nanotubes are appealing for analogue radiofrequency devices [21]. SWNTs in
FET configuration offer high sensitivity and low power consumption when used
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1 Introduction

in nanosensors [22, 23].
In the small-sized SWNTs, all atoms are on the surface of the tube. This geo-Chemical

metrical property can enable high sensitivity for gas sensing [23].
Electrical transport in nanotubes can be strongly affected by mechanical de-Electro-

mechanical
Devices

formations. The high sensitivity of certain chiralities to tensile or torsional strain
[24] is appealing for nano-scale, low-power strain sensors. Although nanotubes
have a high Young’s modulus E, an individual nanotube requires only a very weak
force F to induce tensile strain because of the small diameter d and a compar-
atively large length ` (stiffness k = E ·A/`, where A is the cross-sectional area
π·d2/4; displacement u = F/k).

Piezoresistivity is the effect of change in electrical resistance upon mechanicalPiezo-
resistivity strain. This can be exploited in membrane-based pressure sensors [25, 26] or

possibly in small-size accelerometers and in strain gauges for integrated readout
of scanning probe microscopy cantilevers. Piezoresistive readout schemes do not
suffer from parasitic capacitances as capacitive readout. Moreover, nano-scale
strain gauges can have much smaller sizes than capacitors. But due to the current,
which is needed to measure the resistance of the strain gauge, heat is emitted.
Power demand is often a crucial factor for portable or self-sustainable systems.
Additionally, certain applications, such as deflection readout for scanning gate
microscopy probes [27] to be operated at cryogenic temperatures, do not tolerate
substantial heat emission. Nanotube-based strain gauges promise low power
consumption and hence reduced thermal interference.

When suspending a nanotube across a trench or between two pillars, the in-Suspended

dividual molecule is arranged similar to an overhead power line. Sensors in
which the nanotube channel of an FET is freely suspended between two contacts
have a number of advantages over those in which the nanotube adheres to a sub-
strate. A suspended midsection of a nanotube is not mechanically deformed by
interactions with the support. On a substrate, mechanical deformation can occur.
Moreover, electrical charges at humid oxide surfaces of the support [28] and at
resist residues [29, 30], or charges injected into the oxide [31], can distort the in-
trinsic electronic characteristics of carbon nanomaterials. Reducing the number
of charge-traps in close proximity to the nanotube is crucial to reduce gate hyster-
esis [32], which is typically observed in carbon nanotube field-effect transistors
(CNFETs). In suspended nanotube devices, gate hysteresis is reduced [33, 34].
Furthermore, avoiding contact between the nanotube and the substrate attenu-
ates low-frequency noise [33, 35–37]. In addition, larger active sensing areas are
obtained.

Nanotubes integrated between actuated electrodes can be stretched by retract-Large Strain

ing the electrodes. Suspended nanotubes allow large tensile strain – unlike if
attached to a stiff and brittle membrane.

The suspended arrangement allows vibrational motion of the doubly-clampedResonators

nanotube [38–40], which can be exploited in resonators acting as filters or as mass
sensors [41]. The nanometre-sized diameter, high mechanical strength and low
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1.2 Challenges in the electrical integration of SWNTs

mass density of SWNTs renders them promising candidates for high-frequency
resonators [42–44].

The resonance frequency of the guitar-string-like mode of a suspended nano- Tunability

tube can be tuned by applying tensile strain [45]. Strain can be applied electro-
statically by a gate bias [38] or possibly more rigorously by mechanical actuators
based on micro-electromechanical systems (MEMS).

Nanotubes are also an interesting material for optoelectronic applications [46]. Optoelectronic
DevicesIn a process called electroluminescence, an electrical current leads to light emis-

sion. Vice-versa, photoconductivity is the induction of an electronic current by
light [47] pp.201, which can be exploited in solar cells [48].

Efficient water desalination is anticipated based on fast mass transport inside Water
Purificationnanotubes while ions are rejected by charged entrances of nanotube pores [49].

1.2 Challenges in the electrical integration of SWNTs
For nanotube devices and sensors based on electronic, electromechanical or opto- Electrical

Integrationelectronic effects, the nanotube must be electrically interfaced.
To date, two main fabrication approaches have been used to incorporate elec- Approaches

trically contacted SWNTs in a suspended configuration. The crucial difference is
whether the electrical contacts are fabricated before or after nanotube synthesis.

(i) Post-growth metallisation
In the post-growth approach, the nanotubes are grown (or deposited) on a sub- CNT First

strate. Afterwards, the nanotubes are clamped by metal electrodes patterned on
top of the nanotubes by using resist-based lithography, metal deposition and lift-
off. A final etching step can release the nanotube and results in suspended device
configurations [43, 50–54].

The resist contaminates the nanotubes, and the complete removal of resist Cleanliness

residues is challenging [55]. Although carbon nanomaterials are inert against
most solvents and acids, standard microfabrication cleaning procedures for resist-
stripping such as oxygen plasma or ozone treatment can cause structural defects
in carbon nanostructures1. Remaining contaminations on the nanotubes impede
observations by transmission electron microscopy [56] and alter the electrical be-
haviour [29].

Resist residues can be reduceded by spacer layers, which prevent intimate con- Separation
Layertact of resists with the nanomaterials [57, 58]. Harsh oxidising cleaning steps can

then be applied as the carbon nanomaterial is protected.
Nevertheless, for suspended structures, nanotubes and contacts are exposed to Etching

etchants needed for release. Wet etching requires subsequent supercritical point
drying to prevent mechanical damage of long, individual SWNTs [22, 59]. Both
are possible sources of contamination.

1 The term ’electronic-grade’ denotes a material purity of 99.9999999% (9N) or better. An ’electronic-
grade’ nanotube with a diameter of 2 nm (120 atoms per nm length) is requested to exhibit not more
than one single-atom defect per cm length. Consequently, any cleaning step supposed to maintain
the nanotube quality has to be extremely selective.
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Palladium (Pd) is the preferred contact metal [9] for SWNTs. However, Pd
can interfere with the commonly used release etching of silicon oxide (SiO2 ) by
hydrofluoric acid (HF), as Pd catalyses etching of Si [60].

Another material related issue is that aluminium and titanium used for elec-
trical contacts are not compatible with release etching by liquid HF [61].

Etching of SiO2 by hydrofluoric acid is isotropic. Hence the material under-
neath the contacts to the nanotube is removed partially during the release etch.
This can affect mechanical stability. Moreover, adhesion layers such as chromium
and titanium, used to more firmly attach Au, will oxidise and this is suspected to
degrade the conductance of the electrical contacts.

Lithographic patterning of metal on as-grown nanotubes suspended acrossResist Coating

a trench was suggested [62, 63]. However, forces due to viscous flow and sur-
face tension occur during spin-coating of resist [22]. Individual SWNTs of exten-
ded lengths (>0.5 µm ) can rupture [22, 59], which limits the application of resist-
based lithography to short [64] or temporarily oxide-supported [42, 43] SWNTs.

Multi-walled carbon nanotubes were integrated onto MEMS tensile stagesEBID

by micromanipulation and electron-beam-induced deposition (EBID) which en-
abled mechanical characterisation of individual CNTs [65]. Due to the spread of
secondary electrons after impingement of the primary electron beam, care has to
be taken about the deposition of material on the nanotube itself [66–68].

Fabrication steps after nanotube synthesis are prone to cause contaminationConclusion

[69, 70] or even mechanical damage in case of long suspended nanotubes. For
nanotube-based resonators, contaminations from the integration process result
in additional mass loading and possibly increased damping which both have to
be minimised. For chemical or electromechanical sensors, residual material from
fabrication is suspected to affect sensor stability.

(ii) Pre-growth metallisation
In the pre-growth approach, a catalysed chemical vapour deposition (CCVD) pro-Electrodes

First cess synthesizes the nanotubes on top of the pre-fabricated electrodes. Contam-
inations arising from post-growth processes and viscous forces during the nano-
tube integration are avoided. But the contact material must be able to withstand
the high temperatures required for growing the nanotubes [22, 34, 40, 71–75] and
may not inhibit nanotube growth, as it is the case for gold [76],[77] p.58. The dir-
ect integration can result in clean, suspended nanotubes FETs compatible with
investigations by transmission electron microscopy (TEM) [78].

However, the synthesis of CNTs not only requires high temperatures (typicallyTemperature

700 to 950 °C) but also a hydrogen-containing atmosphere. Only few conductive
thin-film materials can endure these conditions. This limits the choice of contact
materials. The presence of H2 in the CVD process can lead to the formation ofHydrogen

metal hydrides, prohibiting the use of palladium as it substantially swells upon
H2 uptake [79]. Ti is removed [77] p.58 and Ta, Y, and Nb form hydrides.

Instead of direct growth of the nanotubes on the electrodes, assembly meth-Assembly

ods based on spin-coating or dielectrophoresis have given proof to be large-scale
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1.2 Challenges in the electrical integration of SWNTs

Figure 1.1: Surface-bound nanotube transistors as piezoresistive strain gauges for
membrane-based pressure sensing [85]. (a) Optical microscopy image of electrodes
patterned by lithography and lift-off. (b) Scanning electron microscopy (SEM) image
of a nanotube bridging across the electrodes after dielectrophoretic integration from
solution. (c) Atomic force microscopy (AFM) height trace perpendicularly to the nano-
tube. (d) Nanotube transistor response. The current driven through the nanotube is
modulated by the gate voltage Vg . As hysteresis occurs between forward and back-
ward sweep directions of Vg , the magnitude of the source-drain current Ids depends
on the history of Vg . Small scan ranges around 0 V can reduce hysteresis, but the op-
timum readout location for strain measurements may be missed. The source-drain
bias Vds was 50 mV. Adapted and reproduced with permission from [85]. © American
Institute of Physics, 2011.

compatible and to work at low temperatures [80, 81]. However, surfactants are Surfactants

needed and even a small amount of ultrasonication [82] required for dispersing Sonication

might cause structural defects in the CNTs. To improve the mechanical and the
electrical contact, annealing or electroless plating of a second metal [83] can be re-
quired. In addition, for suspended device configurations, drying is delicate and
often large bundles are obtained rather than individual nanotubes [84].

Effect of gate hysteresis on sensor readout
Figure 1.1 shows a membrane-based [26] pressure sensor [85]. The deflection Hysteresis

of the membrane strains the nanotube integrated as a transistor channel. The
current through the nanotube is taken as sensor signal. The readout has to con-
sider that the current magnitude not only depends on pressure-induced strain
but is also substantially affected by the history of the applied gate voltage. Gate
hysteresis can hinder reliable sensor readout. Gate hysteresis of the order of sev-
eral Volts (25% of full gate sweep range) is commonly observed for nanotubes
on oxides [77, 86]. When operated in ambient conditions, FET devices fabricated
by either the post- or the pre-growth approach typically exhibit gate hysteresis
[28, 34, 54, 85] which makes device behaviour less reproducible and less time-
stable for both sensors and electronics.

Hysteresis is a „significant and persistent challenge“ in nanotube transistors
[87]. Despite high-quality SiO2 surfaces, free of significant contamination and
trapped charges at both interface and bulk defects [87], hysteresis occurs – at least
for a large fraction of the devices [32]. Polar water molecules in the vicinity of the
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nanotube can act as charge traps by alignment with the gate-induced electric field
[28], [88] p.75.

Passivation by polymers [28, 29], methylsiloxane [87], Al2O3 [89] or hydro-Passivation

phobic surface treatment [90] can reduce hysteresis. Organic contaminations,
such as residues from resist-based lithography, appear to hamper the suppres-
sion of hysteresis by passivation [29].

For strain sensors in the large-strain regime, passivation layers need to be suf-Device
Function ficiently elastic. For gas sensors, which require a direct access to the environ-

ment and for vibrating resonators, passivation layers must not cover the entire
nanotube. Patterning of windows into the passivation layer is required and this
post-growth processing is another possible source of contamination.

Characterisation
Detailed investigations of the device configuration are of fundamental interest
for the design and evaluation of future nanotube-based nano-electromechanical
devices, such as piezoresistive sensors and resonators. The atomic structure ofChirality

Assignment SWNTs is uniquely determined by the chirality, which defines whether they are
metallic or semiconducting (Appendix B.1.1). For physical or chemical sensors
based on SWNTs, the chirality is expected to strongly influence the sensor re-
sponse [23, 38, 91]. Experimentally, correlating chirality with sensor sensitivity is
difficult to achieve within functional devices.

In Raman spectroscopy (Appendix B.2.5), surface-bound nanotubes exhibitRaman
Spectroscopy weak signals. For suspended nanotubes, the peaks of the radial breathing mode

(RBM) are more intense [36]. Chirality assignment, however, is often ambiguous
[92, 93]. In case of devices with many nanotubes, the signal can often not be at-
tributed unambiguously to one of the nanotubes due to optically limited spatial
resolution.

Transmission electron microscopy (Appendix B.2.1) offers high-resolution im-TEM

ages which allow nanotube diameters to be measured. The number of nanotubes
within a slim bundle can be determined and it is possible to discriminate between
single, double and multi-walled carbon nanotubes. Observation of the contacts,
however, can only be achieved if the contacted FET channel itself can be accessed
by the transmission beam.

Transmission electron diffraction [6, 94–98] is one of the most reliable chiral-Electron
Diffraction ity assignment methods. However, as it is based on TEM, it requires electron-

transparent samples, which is often difficult to achieve. In atomic force micro-
scopy, scanning electron microscopy, and micro-Raman spectroscopy, the sample
surfaces are scanned and no special sample preparation is needed for CNTs. In
contrast, as stated by Wong et al. TEM is the „most accurate method for meas-
uring the diameter“ but it requires „somewhat complex sample preparation or
processing“ [99].

Micro-electromechanical systems offer small sample sizes and low-cost fabric-In situ Strain

ation of actuation on the nano-metre scale [100]. Owing to their small feature
sizes on the micron-scale, they are a versatile tool to impose mechanical stim-
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1.3 Objectives of this Thesis

uli to nano-scale objects. Integration of carbon nanotubes into micro-actuator-
driven tensile stages enables in situ observations by TEM [2, 65]. Electrical meas-
urements on clean, suspended carbon nanotubes accessible by TEM but without
MEMS actuators have been demonstrated [78].

1.3 Objectives of this Thesis
This thesis focuses on the integration of suspended single-walled carbon nano- Objectives

Suspended
SWNTs

tubes into electromechanical systems using clean process flows and enabling
device characterisation by TEM. With the vision of employing carbon nanotubes
in low-power sensors and in novel strain-based device concepts, fabrication Strain

methods for integration of suspended single-walled carbon nanotubes are de-
veloped and evaluated. Methods are sought to fabricate clean nanotube devices Clean

Fabricationunperturbed by mechanical, chemical, and electrostatic disorder on the nano-
scale. The integration approaches shall minimise geometrical disorder, origin-
ating from interaction with the substrate, by suspending the nanotube. Chemical
disorder, arising from imperfections concerning contamination present in stand-
ard microfabrication processes, shall be minimised by banning resist-based litho-
graphy and wet chemistry after nanotube growth. Furthermore, oxides should Suspended

FETbe avoided to eliminate hysteresis in carbon nanotube field-effect transistors.
Structural characterisation of the individual macromolecule being the func- TEM

tional part of an electronic building block is to be achieved. Therefore, device
designs are implemented which enable investigations based on transmission elec-
tron microscopy, including tensile loading inside the microscope. Electron diffrac- Chirality

Assignmenttion is to be used in-house to assign the chirality of functional nanotube devices –
paving the way for both device evaluation and verification of theoretical models.

Design of experiment
Evaluation of nanotube-based transducers for sensor applications is hindered Challenge

by the lack of fabrication process for clean integration of individual, suspended
SWNTs into small-sized test benches providing electrical interfaces and compat-
ibility with TEM characterisation.

The design of experiment requests a suspended, individual, single-walled car- Micro
Actuators &
Chirality
Assignment

bon nanotube strained by a microfabricated tensile actuator providing accessibil-
ity to TEM characterisation to measure electromechanical transistor response of
chirality-assigned nanotubes.

The hypothesis is that cleaner fabrication processes for suspended electromech- Hypothesis

anical nanotube devices will enable more stable electron transport measurements,
especially concerning suppression of gate hysteresis.

Table 1.1 lists the different samples and highlights the examined intermediate Samples

achievements.
The first set of samples demonstrate TEM imaging (Section 4.2) and chirality TEM

assignment (Section 4.1) by transmission electron diffraction for nanotubes integ-
rated in microfabricated structures – for a sample with tensile actuator (sample
#ed1), for improved accessiblity by the transmission beam (#ed2), and combined
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with diameter deduction by Raman spectroscopy (#ed3).
A second set of samples (Section 4.5) demonstrates the resist-free electricalHysteresis-free

FET contact formation to suspended SWNTs for the demonstration of hysteresis-free
field-effect transistors with needle-shaped contacts fabricated by shadow mask-
ing (#s1), including short channels (#s2), decreased gate distance (#s3), and se-
quentially modified contacts (#s4).

A third set of samples shows room temperature integration of SWNTs byOrientation
Control transfer (#t1). Transfer enables improved orientation control beneficial for re-

duced gate distances (#t2). Threshold voltage stability was monitored (#t4).
A fourth set of samples targets zero-level encapsulation by atomic-layer-Encapsulation

deposited Al2O3 (#s5a: low deposition temperature of 150 °C and non-selective
deposition causing hysteresis; #t3a, #t7a, and #t8a: 300 °C with surface-selective
deposition enabling nearly hysteresis-free operation; #t9 indicating the influence
of annealing at 300 °C without Al2O3 deposition).

A fifth set of samples allows investigation of mechanical clamping condi-Mechnical
Straining tions using Raman spectroscopy of tensile-loaded nanotubes directly grown

on SiO2 (#m1, #m2) and using TEM of strained nanotubes which were metal-
clamped by shadow masking (#m3s, #m4s).

A sixth set of samples is enabling electromechanical measurements of tran-Electro-
Mechanical

Response
sistor operation under mechanical tensile strain for nanotubes placed onto Pd
electrodes (#t11m), with additional encapsulation (#t12am), and with improved
clamping by sandwiching the transferred nanotube by additional metal evapora-
tion patterned by shadow masking (#t14sm).

1.4 Contents of the Chapters
State-of-the-art fabrication methods for the integration of carbon nanotubes are re-Chapter 2

viewed in Chapter 2.
The here employed contamination-free fabrication approaches are presented inChapter 3

Chapter 3. Stencil masks enable patterning of thin films, while avoiding resists
and wet chemistry. The contact material is deposited directly onto suspended car-
bon nanotubes integrated in micro actuators [2, 101]. Sufficiently precise shadow
mask alignment is provided by on-chip sliders. Nano-scale electrical contacts
of tapered shapes are self-aligned on the suspended part of the nanotube. Any
oxides in the vicinity of the nanotube are covered with metal. The choice of con-
tact material is nearly unrestricted. As another approach, direct transfer [102]
enables the placement of a nanotube onto predefined electrodes. The concept of
tilted-view access for transmission electron microscopy implemented via etching
of notches [103] is described and actuator designs are discussed.

The characterisation of ultraclean suspended carbon nanotube devices is shownChapter 4

in Chapter 4. For both integration approaches (shadow masking and transfer),
electrical transistor characteristics were free of gate hysteresis [101, 102]. Trans-
mission electron microscopy images of the contact geometry were recorded and
chirality was assigned to functional devices. The disturbing effects of oxides is

10



indicated by covering a previously hysteresis-free nanotube transistor by atomic-
layer-deposited aluminium oxide [104]. Surface-selective deposition of Al2O3 [1]
enabled contact encapsulation while leaving the nanotube uncoated and main-
taining the transistor operation nearly hysteresis-free.

Mechanical loading of the integrated CNTs by microfabricated actuators is Chapter 5

presented in Chapter 5. The Raman frequency downshift of a chirality-assigned
nanotube is shown. Electromechanical responses of ultraclean, chirality-assigned
CNFETs is demonstrated.

A summary of the conclusions and an outlook can be found in Chapter 6. Chapter 6

Safety considerations, fabrication run sheets, and experimental details of electron Appendix A

diffraction are outlined in Appendix A.
The theory about carbon nanotubes and the basic principles of characterisation Appendix B

techniques are presented in Appendix B.
Attempts towards chirality control for carbon nanomaterials are commented Appendix C

in Appendix C. Raman measurements on atomically-precise, chirality-pure
graphene nanoribbons are presented which confirmed the quality of the mater-
ial produced by J. Cai et al. [105]. Transfer of the ribbons was demonstrated from
the conductive synthesis substrate onto a non-conductive substrate suitable for
potential device integration. For B. Burg [82, 85, 106], raw material for enriched
deposition of metallic-type nanotubes was provided.

Lists of symbols and abbreviations are given in Appendix D. Appendix D

.
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Sample Sketch  Aim Fabrication Channel length System resistance  Chirality
ID Additional treatment Gate geometry On/Off ratio  Actuation

Gate distance Threshold voltage  Hysteresis
Subthres. swing No. of nanotubes  Reference

#ed1 Chirality assignment to nanotube - - (17,17)
integrated into MEMS actuator - - el. not connected

- - -
Shadow mask, Cr/Au - 1 at tip + others Fig. 4.1a, Fig. 4.2

#ed2 Chirality assignment - - (24,6)
at increased accessible tilt - - not available

- - -
Shadow mask, Cr/Au - 1 at tip + others Fig. 4.4

#ed3 Chirality assignment - - (14,7)
and Raman RBM: 163.3 rel. cm -1 - - el. not connected

- - -
Shadow mask, Cr/Au - 1 at tip + others Fig. 4.6, 3.18a

#s1 FET operation 3 μm 330 kΩ n.a.
hysteresis-free nano-tapered S,D ~10^4 no actuator

3 μm 0.64 V 0.008±0.005 V
Shadow mask, Pd 230 mV/dec 1 Fig. 4.10

#s2 FET operation 30 nm 89 kΩ n.a.
short channel nano-tapered S,D 190 no actuator

3 μm 17 V  -0.039±0.188V

Shadow mask, Pd ~4 900 mV/dec 1 Fig. 4.10
#s4 chirality assigned FET 2.4 μm (→ 1.3 μm) 2.75 MΩ (28,11)

sequential modification of contacts nano-tapered S,D ~10^4 no actuator
Shadow mask, Pd 3.6 μm 0.83 V  -0.015±0.017 V

second evaporation 340 mV/dec 1, (2 at ends) Fig. 4.13
#t1 FET operation Fork transfer, Pd 2.6 μm 1.7 MΩ (25,18)

room temperature integration blunt electrodes ~10^3 irreproducible
hysteresis-free 5.5 μm 11.2 V 0.037±0.075 
testing SEM contamination 2 200 mV/dec 1 Fig. 4.16-19

#t2 FET operation 2.6 μm 640 kΩ n.a.
reduced gate distance blunt electrodes ~8 irreproducible

3.5 μm 1.3 V  -0.007±0.081 V

Fork transfer, Pd ~1600 mV/dec n.a. Fig. 4.19
#t4 FET operation 3.1 μm 2.8 MΩ (35,9)

Vth stability blunt electrodes >10^4 no actuator

same type as #t2    3.5 μm  0.37 V  0.001±0.028 V

Fork transfer, Pd 300 mV/dec 1 SWNT Fig. 4.22

Table 1.1: Overview of samples. The design of experiment aims at TEM-characterised carbon nanotube field-effect
transistors acting as strain transducers in micro-actuator-driven tensile stages. First, TEM-characterisation is demonstrated
(Devices #ed1 to #ed3). Then, hysteresis-free transistor operation is demonstrated for devices fabricated by shadow mask
evaporation (#s1 to #s4) and by direct transfer (#t1, #t2, #t4). Passivation is tackled by encapsulation using ALD alumina
(#s5a, #t3, #t8, #t7). Tensile loading of nanotubes with micro actuators is evaluated using Raman spectroscopy (#m1, #m2)
and in situ TEM imaging (#m3s, #m4s). Electromechanical transistor responses are investigated for as-transferred (#11m),
encapsulated (#t12am) and for additionally metal-clamped (#t14sm) suspended carbon nanotube FETs.

SWNT
(n,m)

SWNT

G
S D

Pd+Pd

(n,m)

G
S D

mask

Pd

3µm 

G
S D

mask

Pd

30nm 

G
S D

Pd

SWNT

G
S D(n,m)

SWNT
(n,m)

SWNT
(n,m)
RBM

12
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#s5 FET operation 3.2 μm 437 kΩ  - (ALD covered)
ALD 150 °C Shadow mask, Pd nano-tapered S,D >3·10^4 no actuator
Vth stability encapsulation: ~3 μm (inclined) 0.16 V  -2±5 mV → >5 V

 Hysteresis induction 40 nm ALD Al2O3 110 mV/dec 1 Fig. 4.26
#t3 FET >2.7 μm 2.6 MΩ → 120 kΩ (65 kΩ*)      n.a.

ALD passivation Fork transfer, Pd blunt electrodes ~1.3 → ~3 (~6*) actuator, CNT lost
300°C encapsulation: 2.25 μm ~~4 V;   *n-branch 18±23 mV* w ALD
minute hysteresis 40 nm ALD Al2O3 ~~12V/dec → ~1V/dec with ALD   n.a. Fig. 4.24a

#t8 FET >2.7 μm 440 kΩ w ALD n.a.
ALD passivation blunt electrodes >4 actuator, CNT lost

same type as #t3    Fork transfer, Pd 2.25 μm  -2.7 V* ;*n-branch 28±28 mV* w ALD
40 nm ALD Al2O3 ~2400 mV/dec n.a. Fig. 4.24b

#t7 ALD passivation 2.6 μm  2.8 MΩ before ALD   n.a.
demonstrating selectivity blunt electrodes 10 actuator, CNT lost

similar type as #t3   Fork transfer, Pd 4.25 μm ~2.4 V w/o ALD n.a.
40 nm ALD Al2O3 3500 mV/dec w/o 1 CNT in SEM Fig. 4.25

#t9 heating as in ALD (>2.4 μm) 190 kΩ → 2.5 MΩ n.a.
nano-tapered >20 (SGS) no actuator
4.25 μm 1.18±0.011 V 12±14 → -2±13 mV

Fork transfer, Pd ~1 000 mV/dec n.a. Fig. 4.27
#m1 Raman under axial strain 3.2 μm mechanical only (13,11)

G-peak shift rate:    -13.1±1.9 rel./cm/% strain
 -  -  -

Direct growth on SiO2  - 1 Figs. 5.2-5.4
#m2 Raman under axial strain 3.6 μm mechanical only -

same type as #m1    G-peak shift rate:    -15.8±0.6 rel./cm/% strain
- - -

Direct growth on SiO2  - 1 SWNT (ruptured)   p. 120
#m3s TEM in situ straining 2.1 μm mechanical only DWNT

nano-tapered  - ~4% strain,
 -  - slipping, rotation

Shadow masking, Pd  - 1 DWNT Fig. 5.5
#m4s TEM in situ straining 2.2 μm mechanical only (24,0)

strain to failure nano-tapered  - break at ~+3%
chirality assignment  -  -  -

Shadow masking, Pd - - Fig. 5.6
#t11m Electromechanical response of ~2.1 μm 8.7 MΩ (24,20)

strained FET blunt electrodes >10^4 p = 1
5.5 μm 5.4 → 4.8 V  -19±74 mV

Fork transfer, Pd 1600→1300mV/dec 2 SWNTs, same chir.   Fig. 5.7
#t12am Electromechanical ~2.5 μm 5.2 MΩ → 1.3 MΩ  - (storage test)

 + encapsulation blunt electrodes >4 (SGS) p = 1
Fork transfer, Pd 5.5 μm ~~12 V wo ALD n.a.
encapsulation by ALD n.a. n.a. Fig. 5.8

#t14sm Electromechanical Fork transfer, Pd 2.9  μm 139 kΩ (16,5)@(20,12)
 + improved clamping blunt electrodes ~10 … >3·10^3 p = -1

clamped by additional 2.25 μm ~0.8 V 1±30 mV
shadow masking 1400→1100mV/dec 2 DWNTs, same chir.   Fig. 5.9

* Subthreshold swings and threshold voltages are given for the p-branch unless marked with an asterisk
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2 State-of-the-art
This chapter starts with the history of carbon and reviews the synthesis meth- Content

ods for carbon nanotubes. The requirements for wiring-up nanotubes are given
and state-of-the-art methods for nanotube integration as electrically interfaced
devices are highlighted. Approaches are given how to mechanically strain nano-
tubes. Finally, achievements are emphasised where mechanical and/or electrical
stimulation of nanotubes are compatible with the size restrictions and the trans-
parency requirement of transmission electron microscopy.

2.0.1 Carbon history
Carbon has been used since early days. Carbon black served as paint. Diamond Carbon

has ever been a precious gift and has found use as grinding material. Graphite is
used in pencils since 1564. The material used was shown to consist of carbon in
1779. Nanotubes were formed during forging for the production of the legendary
Damascene steel, based on macro-scale mechanical optimisation [107]. Carbon
fibres were produced for light bulb filaments. A patent for a reactor for carbon
fibre production was filed in 1889 which is basically very similar to today’s chem-
ical vapour deposition systems [99] p.4.

With the introduction of the transmission electron microscope at the beginning TEM

of the 20th century, carbon structures were studied more detailed. In 1952, TEM
images were presented showing carbon structures grown from carbon monox-
ide by decomposition on iron catalysts at 400 to 700 °C [108]. Nowadays, the
images can be interpreted as multi-walled carbon nanotubes [99] p.6. Probably
independently, worm-like carbon deposits from carbon monoxide at iron spots of
the brickwork of furnaces were reported [109]. Obtained from heating n-heptane-
saturated nitrogen, hollow carbon filaments were observed and the role of cata-
lysts was discussed in 1958 [110].

In 1960, poly-crystalline carbon fibres were obtained from arc-discharge, which Carbon Fibres

had an extremely high Young’s modulus exceeding 700 GPa. In addition to ex-
traordinary mechanical resistance against deformation, the fibres outperformed
steel in terms of tensile strength by a factor of ten [99, 111]. The focus on mech-
anical properties of carbon initiated a wide exploitation of carbon fibres [99] p.7.
Following the quest for low-cost, high-quality carbon fibres, Endo used sand-
paper to remove carbon deposits from substrates, in order to reuse the cleaned
substrates. Iron particles unintentionally deposited from the grinding paper led SWNT Found

Unintention-
ally

to the observation of hollow tubes, even with a single wall [99, 112]. Oberlin and
Endo et al. also discussed amorphous deposition of carbon on the initially smooth
nanotubes.
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2 State-of-the-art

In 1985, the discovery of C60 fullerenes, a molecule made of 60 C atomsFullerenes

arranged in a soccer-ball shape, lead to tremendous interest in small-scale
forms of carbon [113]. As published in 1991, Iijima observed multi-walled andMWNT

Rediscovery double-walled microtubules [114], while investigating the growth mechanisms
of fullerenes [99] p.10. Stimulated by the rediscovery of few-layer nanotubesTheory of

SWNTs by Iijima, theoretical studies evolved and predicted metallic or semiconducting
electrical properties of single-walled nanotubes in dependence of diameter and
chiral angle [115, 116]. Coalescence of fullerenes into larger cages at high tem-
peratures was indicated by Chai and Smalley et al. [117]. In 1993, Iijima and Ichi-
hashi as well as Bethune et al. published the observation of single-walled carbon
nanotubes [6, 118]. Iijima and Ichihashi, who submitted one month earlier, cited
the work by Oberlin and Endo et al. in the context of the role of catalysts. The
single-walled carbon nanotubes were found by Iijima on a relatively old sample
prepared before his focus turned to SWNTs.

The exploration of electrical properties of nanotubes as field-effect transistorsFET

started in 1998 [119, 120]. The demonstration of devices made of suspendedSuspended
Graphene graphene by Novoselov and Geim et al. [121] initiated broad excitement about

the quasi-two-dimensional counterpart of quasi-one-dimensional nanotubes.

2.1 Carbon nanotube synthesis
Three major production methods are established for nanotube synthesis [122,
123],[77] pp.35. In general, a carbon source and energy is needed, often in con-
junction with a catalyst.

Arc discharge and laser ablation
In synthesis of nanotubes by arc discharge [6, 118], an electric voltage is ap-Arc Discharge

plied across closely-spaced graphitic electrodes and leads to highly-energetic dis-
charges. At temperatures reaching locally 3000 °C, the carbon plasma is attracted
by the negative electrode and condensates. Stimulated by metal catalysts, nano-
tubes can be formed. The yield in nanotubes by weight is typically less than 40%.
Subsequent purification is needed to remove fullerenes, amorphous carbon and
carbon-coated catalysts [99] p.15.

In synthesis of nanotubes by laser ablation [124], a laser is pointing on a hotLaser Ablation

graphitic target and vaporises its surface. The target typically contains metal
catalysts for improved yield. The obtained SWNTs have relatively narrow dia-
meter distributions, but occur generally as bundles rather than as individual
nanotubes. Hence, solution-based debundling processes are required for fabrica-
tion of individual-nanotube devices.

Catalysed chemical vapour deposition
In synthesis of nanotubes by catalysed chemical vapour deposition (CCVD)Thermal

CCVD [123, 125], a carbon-containing gas is feed into a reactor and is dissociated by cata-
lytically active nanoparticles at high temperatures. Typical carbon source gases
are methane, acetylene, ethylene, carbon monoxide or alcohol vapours. Most
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2.2 Fabrication of nanotubes device

often, the catalyst nanoparticles are metals, such as nickel, cobalt, iron, or molyb-
denum. The catalysts can be introduced into the gas phase as floating catalysts,
or can be bound to a substrate. Metallic nanoparticles can oxidise at atmosphere,
which renders a catalyst pre-treatment necessary. By heating in H2, the oxidised
catalysts are reduced into their metallic state. Increased hydrogen content dur-
ing the growth phase decreases the self-pyrolysis of the carbon feedstock gas and
hence can prevent amorphous carbon deposition [126]. The hydrogen/carbon-
feedstock ratio is supposed to influence the diameter distribution by over or un-
derfeeding the large or small nanoparticles respectively [127]. Typical growth Temperature

temperatures of methane-based CCVD are in the range of 800 °C to 1100 °C. Syn-
thesis temperatures for SWNTs can be reduced down to 350 °C by using acet-
ylene [128]. Low growth temperatures tend to result in reduced crystallinity, as
measured by relatively large defect-induced Raman D mode intensities [128–130].
Plasma assisted CVD [131, 132] can produce SWNTs at reduced growth temper- Plasma-

Assistedatures (550 °C [133]). Small amounts of water preserve the activity of catalyst
Supergrowthparticles as amorphous carbon can be removed during the growth phase [134].

SWNTs longer than 18 cm were grown by CCVD from ethanol, water vapour,
and H2 [16].

Concerning low defect density and purity with respect to suppression of Conclusion

amorphous carbon deposition, CCVD at high temperatures is considered to be
the most suitable synthesis process for electronic grade nanotube material.

2.2 Fabrication of nanotubes device
Manifold approaches were developed to integrate nanotubes into electronic and
electromechanical devices. An overview on fabrication methods is given in Table
2.1. The most important requirements and approaches to meet them are reviewed
as follows.

For electrically interfaced devices, sufficient control has to be gained over the Control

nanotube location, orientation, straightness, defect-density, length, number, and
chirality (bandgap, piezoresistance).

Fabrication of nanotube devices from raw material requires placement of the Location

nanotubes on a suitable substrate. Post-growth assembly techniques include
drop-casting, spin-coating, dielectrophoresis, or mechanical manipulation. Nano-
tubes grown by CCVD can be synthesised directly on the device substrate at
the desired location [77, 135]. Rogers et al. stated that the electrical properties
of nanotubes deposited from solution are typically „much worse than those of
CVD tubes“ because of short lengths, structural defects and surfactant residues
[88] p.230.

Dielectrophoresis [80] and patterned surface treatment [136] can align the nano- Orientation

tubes during deposition from liquid dispersion. In direct growth by CCVD, the
substrate geometry influences nanotube orientation [137, 138]. Nanotube align-
ment is also influenced by electrical fields [86, 139] and by directed gas flow
[140, 141]. Parallel arrays of SWNT were synthesised on crystalline quartz sub-
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2 State-of-the-art

strates (and transferred by polymer stamps) [142]. At high area density, vertically
aligned forests are obtained [143].

The straightness, defect-density, length, diameter and number of walls is de-Quality

pending on the synthesis conditions (gas composition, temperature, pressure,
duration, additional stimuli (gas flow, plasma, external fields) and on the catalyst
(material and morphology of catalyst and substrate, and their pre-treatment).

For laser ablation and arc discharge, nanotubes are typically obtained asNumber

bundles. For CCVD, the number of nanotubes and the bundle-formation is gov-
erned by the area density of catalyst nanoparticles and the nanotube nucleation
yield per catalyst [144].

Strategies for chirality control during synthesis and post-synthesis chiralityChirality

separation are discussed in Appendix C.

For device fabrication, nanotubes grown by the CCVD method are very in-Conclusion

teresting concerning purity, scalable synthesis conditions, and options for con-
trolling density and orientation.

As discussed in the Introduction 1.2, contacting nanotubes can be achieved byContacts

electrodes fabricated either before or after growth.

Table 2.1: Integration methods for fabrication of carbon nanotubes as electrically inter-
faced transducer elements.

Integration method Advantage Disadvantage Cleanliness Suspendeda

Resist-based
lithography
[38, 50–54, 136]

top contacts
(clamping)

resist
residues

– +

Spin-coating onto
electrodes [119]

resist-free
bottom
contacts

− −−

Dielectrophoresis
[80–82, 85, 106]

orientation,
location

surfactants,
sonication

− −

Manipulation
[35, 68, 145–147]

orientation,
location

time
consumption

−− +

Transfer using
mediator [148–150]

orientation residues − −

Direct transfer
[15, 151–155]

as-grown,
(resist-free)

bottom
contacts

++ ++

Growth on electrodes
[22, 34, 40, 71–74, 156]

as-grown,
resist-free

electrode
temperature

++ +

Shadow masking
[19, 157–159]

as-grown,
resist-free

alignment ++ +

a ease of obtaining individual, long SWNTs in suspended configurations
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2.2 Fabrication of nanotubes device

(i) Post-growth metallisation: Nanotube integration by release etching
Electrical contacts to suspended nanotubes were demonstrated by metal lift-off
using electron-beam lithography (EBL) followed by a release etch removing the
oxide underneath the nanotube [38, 50–54, 70] (Section 1.2).

Poly(methyl methacrylate), so-called PMMA, is used in EBL and is one of the Resist
Residuesfavourite resists as it is comparatively easy to be removed [160]. The co-polymer

PMMA/MAA has been used heavily in our group for contact patterning. D. Bis-
choff showed that PMMA 50K, with short polymer length, is more efficiently
removed than the co-polymer [161].

Contact resistance for graphene flakes decreased by an order of magnitude by Comment

changing from PMMA/MAA to PMMA 50K. This indicates the impact of con-
tamination. However, fewer residues does not mean no residues [161].

In suspended graphene devices, annealing by electrical currents is required Current-
induced
Annealing

to clean up polymer residues. Before annealing, the devices were strongly p-
doped. After annealing, the mobility increased by a factor larger than 10 and the
Dirac neutrality point became clearly observable [162]. The annealing is done
in repeated steps which are difficult to tune, time consuming and often cause
disintegration of the device [158].

Annealing under H2-containing atmosphere can remove resist residues [30]. Annealing

In EBL, the contact areas are irradiated by electrons. High doses of electron Electron Doses

irradiation at 30 kV on p-type CNFETs were suspected to cause tunnel barriers
arising from accumulated charges in the oxide [163]. The noise amplitude at
high frequencies increased by an order of magnitude after irradiation which was
attributed to increased shot noise due to the induced tunnel barriers [163]. Elec-
tron irradiation of the oxide was even observed to switch nanotube transistors
inside a TEM [70] p.119.

Post-growth metallisation using resist-based lithography and release etching Conclusion

is prone to contaminate nanomaterials. Processing and cleaning steps can impair
carbon nanomaterials and dielectrics. Annealing under H2 is incompatible with
some contact materials such as Pd which forms hydrides.

Resist-free integration
Soldering avoids the contamination issue faced in resist-based processing of car- Soldering

bon materials [164].
Ion beam or electron beam induced deposition [66, 68, 146] enabled mask-less Beam-induced

contact fabrication. However, material properties of the deposits [165] and de-
position resolution [67, 68] are limited.

Other approaches of lithography-free structuring of contacts are inkjet printing, Printing

ink writing, and stamping.
Blanket metal deposition and subsequent patterned metal removal can avoid Metal

Removaldirect contact of resists with nanotubes. But the nanotubes are exposed to
etchants. Break junctions can provide clean electrode gaps. We demonstrated
removal of metal from suspended nanotubes by stress-induced chipping and by
melting via Joule heating [1].
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Resist-free contacts were evaporated through shadow masks onto as-grownShadow Mask
Evaporation substrate-bound SWNTs on SiO2 substrates [157]. The Au contacts did not need

any adhesion layer because metal lift-off using solvents was avoided. A device
resistance of 36 kΩ was obtained. The resist-free contacted nanotubes appeared
to be more robust to Joule heating at high currents [157]. Devices fabricated by
shadow mask evaporation showed „slightly higher or comparable performance“
in comparison to devices fabricated by EBL [166]. In 2010, shadow mask evapor-
ation was used to contact graphene in a manner that „eliminates contaminants
introduced by lithographical processes“ [158].

Off-chip shadow masks were used to contact ultralong suspended nanotubesSuspended

[167] providing an alignment for the 100-µm-sized pads within ~2 µm [19].
Resist residuals were shown to contribute to hysteresis [29]. Lithography-freeConclusion

patterning techniques avoid resist residuals. However, sub-micron alignment of
the pattern is typically a challenge. Beam-induced deposition offers improved
alignment, but suffers from pattern spread and poor material purity.

Nanotube integration by manipulation
MWNTs were placed onto electrodes by manipulation using the tip of an atomicAFM

Manipulation force microscope (AFM) [35]. Electron-beam-induced carbonaceous deposition
SEM of residual gases [145], or ion or electron-beam-induced deposition of precursor

gases [68, 146], can facilitate the manipulation of MWNTs under SEM observa-
tion. Individual suspended SWNTs were picked and placed using two scanning
tunnelling microscopy (STM) probe tips [147].

Manipulation under electron beam observation induces contaminations due toConclusion

cracking of residual gases.

Using a PMMA thin film as a mediator, Raman-characterised SWNTs wereTransfer via
Peeling transferred onto electrodes [148] and suspended graphene gates were aligned

to CNFETs [150]. Oriented nanotube arrays grown on quartz were transferred by
a gold coating and thermal tape onto a substrate with buried gates [149]. The Au
served as separation layer [57, 58] to allow plasma cleaning of the tape residues
by plasma without harming the nanotubes. The Au was wet-etched afterwards.

Nanotubes can be directly transferred from one to another substrate [15, 151–Direct Transfer

155]. The ends of ultralong suspended nanotubes on the growth substrate were
rendered optically visible using Au evaporation through shadow masks. This en-
abled the direct transfer of chirality-assigned nanotubes onto thin-film electrodes
on a planar substrate. Resist served as a temporary fixation [151]. Nanotubes
grown across a mm-scale slit of a Si frame were directly transferred onto a gold-
coated polyester sheet, suitable for strain sensors [155].

Manipulation of dispersed nanotubes by dielectrophoresis can place nanotube
Dielectrophoresis onto the target location in a parallel manner [85, 168, 169].

Except of direct transfer, solution-based manipulation or adhesion-layer-basedConclusion

transfer methods are prone to result in residual surfactants or contamination.
Subsequent annealing can cause device failure.

The nanotubes available in our group are relatively short (<20 µm), which isComment
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beneficial for integration into microsystems but prevents integration by macro-
scale transfer and hinders gas flow alignment [141].

(ii) Pre-growth patterning: Nanotube integration by direct growth on
conductive electrodes
Direct growth of nanotubes on conductive electrodes establishes contacts to as- Direct Growth

grown nanotubes and avoids mechanical damage during release etching.
Franklin et al. integrated nanotubes bridging between a molybdenum-coated Mo

poly-Si cantilever and a stationary electrode by direct growth using alumina-
supported catalysts on top of Mo [22].

Cao et al. and others grew nanotubes from alumina-supported catalysts on top Pt

of Pt while ensuring diffusion-resistant substrates [34, 40, 71, 73, 75].
Despite the swelling of Pd during uptake of H2 released from decomposi- Ta/Pd

tion of the hydrocarbon feedstock gas during growth by CCVD, Kasumov et
al. demonstrated Ta/Pd contacts by starting the growth on patterned alumina
islands [156]. However, they reported that the metallisation „became very fragile
and the sample degraded quickly“ [156].

Using conductive TiN, Karp et al. contacted SWNTs growing from patterned TiN

SiO2 islands [72].
Multi-walled CNTs were grown across micromachined Si electrodes [74] but Si

showed a large resistance of 54 MΩ.
Patterning of electrodes before CCVD growth avoids contamination issues, but Conclusion

the choice of electrode materials becomes severely restricted due to the harsh
growth conditions.

2.3 Carbon nanotube electronic devices
Dense vertically aligned nanotube forests are appealing for electrical intercon- Interconnects

nects and vias [143]. Owing to the large surface to volume ratio, nanotube-based Capacitor

electrode materials are employed to store electrical charges in supercapacitors
[170]. The nanoscale radius of the ends of vertically standing nanotubes in com- Field-Emitter

bination with high aspect ratio was shown to be suitable for electron ejection by
field emission [171]. As demonstrated by an atomic-resolution mass sensor based
on a vibrating nanotube, field emission current can be used as readout signal for
vibrational motion [172]. Again owing to the exceptional geometry, nanotubes Scanning

Probeswere demonstrated to be useful for sharp tips in scanning probe microscopy
[173].

From carbon nanotubes, p-n junctions diodes were fabricated by chemical dop- Rectifier

ing via covering one of the contacts [174]. Alternatively, electrostatic gating in-
duced p-n junctions in suspended SWNTs fabricated by transfer [15]. Schottky
barrier diodes were fabricated by crossing a semiconducting and a metallic nano-
tube [175]. Diode behaviour was observed for Schottky barriers within a single
nanotube. Due to structural defects one segment of a nanotube was semiconduct-
ing and the other metallic which lead to strong rectification [176].

Electromechanical switches consisting of nanotubes grown across a 0.25-µm- Switch
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narrow and shallow trench were demonstrated by using resist-based lithography
[64]. Nanotube switches were also demonstrated by assembly via dielectro-
phoresis while additional resist layers served as sacrificial layers [177]. Hori-
zontal forests of nanotubes directly grown at the sidewalls of Si beams served
as wear-resistant contact material in micromechanical switches [178].

Doubly-clamped nanotube resonators were demonstrated to act as massResonator

sensors [41]. Capacitive frequency-tuning of double-clamped SWNTs [38] was
demonstrated for resonators fabricated by a transfer process [39] and by direct
growth on Pt [40]. High quality factors Q > 104 were obtained for frequencies asHigh Q

high as 39 GHz [40].

2.3.1 Carbon nanotube field-effect transistors
A transistor is an electronic building block whose conductance can be modulatedBasic Principle

by a gate voltage Vg . The voltage Vds applied from the source electrode across
the transistor channel to the drain electrode leads to a current Ids. Depending
on the gate voltage, Ids can be turned on or off. An ideal device would have
zero resistance in the on-state and infinite resistance in the off-state. Ideally, no
current is flowing from the gate to the drain/source. Undesired gate leakage
current Ig can be observed for non-ideal gate separation layers.

The field-effect transistor was patented by Lilienfeld in 1925 and started itsFET History

commercial break-through in 1960, after SiO2 -passivation of the silicon semicon-
ductor surface was introduced [99] p.191. The electronic circuits enabled by mini-
aturised FETs have a tremendous impact on science and on daily life (computing,
communication, automation).

Latest metal-oxide-semiconductor FETs (MOSFETs) of the 22 nm generationMOSFET

[179] are featuring 8-nm-wide channel fins of 34 nm in height fabricated using
193 nm immersion lithography. The effective oxide thickness is 0.9 nm. The
gate is covering three sides of the fin (tri-gate) enabling subthreshold slopes of
~70 mV/dec. An ION/IOFF ratio larger than 105 was obtained. Where needed,
multiple fins are used per transistor in parallel to increase drive strength.

Motivated by the undesirable scaling phenomena faced at very small dimen-Scaling

sions [180], work is undertaken to explore the use of carbon nanotubes as altern-
ative channel material [8, 9, 119, 120].

Arrays of CNFETs fabricated on the same ultralong SWNT showed uniformArray

electrical characteristics along the whole nanotube length [16]. An Ids current
on/off ratio of 106 was obtained [16].

Electrical contacts to carbon nanomaterials are typically made of metal pro-Contact Shape

cessed by microfabrication. While traditional contacts are planar, contacts to
nanotubes can have different geometries. Foremost, the contact area is small.
Bottom contacts are created by deposition of a nanotube onto electrodes [119].
Top contacts are formed by deposition of the contact material onto the nanotube.
Combination of bottom and top contacts is possible. Unusual end-bonded con-
tacts can form at high temperatures resulting in SiC, or TiC [47].

A CNFET with a channel as short as 15 nm was operated at room temperat-
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ure (ION/IOFF > 105, conductance 0.7 G0) while short-channel effects were absent
[149]. Sub-10 nm channel lengths were demonstrated [181].

Thin and wide Schottky contacts for increased sensitivity of SWNT-network
FETs were fabricated by evaporating metal contacts using a shadow mask at
tilted angle evaporation [182].

The geometry of the source and drain contacts can significantly influence the Gate
Geometrygate coupling. Needle-like contacts were identified to reduce the shielding of the

gate potential [183]. Clean suspended CNFETs with bottom gates were fabricated
by direct growth on Pt [71, 73, 184].

Subthreshold swings of ~60 mV/decade were achieved using few-nanometre- Subthreshold
Slopethin gate dielectrics [180, 185].

Pure p- or n-type CNFETs were demonstrated by chemical doping, or by elec- Polarity

trostatic doping using dual-gate structures [180].
Ohmic contacts to nanotubes were achieved by pure Au contacts or by anneal- Contact

Materialing Cr/Au contacts at 600 °C in Ar, which indicates that Au diffuses through
the Cr used as adhesion layer. Pd contacts can also yield ohmic contacts [9, 10].
The absence of a Schottky barrier is indicated by increased conductance at lower
temperatures [9].

Investigated by TEM imaging, Au and Pt deposited by evaporation showed Wettability

relatively weak interaction with suspended SWNTs, while Ti, Pd and Rh showed
good wetting resulting in continuous metal coatings [186]. Ti wets better than
Pd and results in less deformation of the nanotube [187]. Adhesion layers of Ti
improved the uniformity of Au deposits. These observations along with elec-
trical measurements indicating more ohmic contacts for Pd and Rh than for Au
or Pt suggest that the wettability is an crucial factor in addition to the metal work
function [88] p. 69.

Cr/Au contacts degraded over time if exposed to ambient conditions. Long- Contact
Degradationterm stability was achieved by an Al2O3 passivation layer [89]. Unpassivated Pd

contacts exposed to ambient conditions were stable over months [188].
SWNTs show excellent transport of charge carriers. Their surface is atomic- Mobility

ally smooth which is assumed to suppress surface roughness scattering. Carrier
mean free paths are of several hundreds of nanometres under low Vds bias were
extracted [88] p.115. High field-effect mobilities exceeding 70 000 cm2/Vs at room
temperature were observed for long CNFETs [8].

High saturation currents of ~25 µA per SWNT were demonstrated [189]. The Saturation
Currentcontact resistance was shown to depend on contact length. For 20-nm-short con-

tacts, on-currents reached 10 µA [149].
In contrast to the semiconducting nanotubes, graphene lacks a bandgap and Graphene

cannot directly be used as transistor material. Bilayer graphene or nanoribbons
can open up bandgaps [17, 190]. Synthesis of 40-nm-wide ribbons defined in
orientation and width by facets of a SiC substrate enabled the fabrication of 10 000
graphene transistors, but with a poor on/off ratio of 10 [191].

Carbon nanotube FETs were shown to be competitive to MOSFETs with re- Benchmarking
MOSFET
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gard to ION/IOFF ratio while short-channel effects were absent [149]. Low sub-
threshold swings of ~60 mV/decade [180, 185] were achieved. Sub-10 nm CN-
FETs were demonstrated to outplay Si devices concerning normalised current
density [181].

Carbon nanotubes are superior material for FETs compared to graphene con-Conclusion

cerning performance in on-off ratio. The high field-effect mobilities obtained in
CNFETs, the tiny dimensions and the high current carrying capabilities prom-
ise to outperform Si-based MOSFETs, but the technological maturity in integra-
tion precision and scalability of MOSFETs is currently far beyond what has been
demonstrated for carbon nanomaterials.

2.3.2 Gate hysteresis in CNFETs
Gate hysteresis is an often observed non-ideal behaviour of CNFETs: AHysteresis

gate sweep from negative to positive gate voltages typically results in a
different source-drain current response than a gate sweep the in opposite
direction. The hysteresis width is the difference between the threshold
voltages (see Section B.1.5) observed for the forward and the backward sweep
(Vth,forward−Vth,backward). The hysteresis depends on gate sweep range and on
sweep rate [192] as well as on the source-drain bias Vds [193].

Gate hysteresis can be caused by charges trapped at defects on the surfaceOrigins of
Hysteresis [28, 87, 193] close to the nanotube, and at defects in the bulk or at buried oxide-

interfaces [32]. Water-adsorption on hydroxyl groups of oxide surfaces and on
the nanotube are considered as a major source of hysteresis [28, 90]. Mobile ions
were identified to contribute to hysteresis [194].

Hysteresis Reduction
Prolonged storage under vacuum reduced the gate hysteresis in unpassivatedWater

CNFET on SiO2 [28]. Heating to 200 °C under dry conditions in order to desorb
water diminished hysteresis.

For supended nanotubes, the hysteresis present at ambient air diminished com-Suspended

pletely under vacuum conditions [28, 34]. Gate hysteresis is in general reduced
in suspended nanotube FETs compared to surface-bound configurations [33].

Direct suppression of hysteresis was achieved for suspended nanotubes butConclusion

only under dry or vacuum conditions.
Encapsulation of the nanotube by a passivation layer can reduce hysteresisPassivation

[28, 29, 87, 89, 193]. Application of a self-assembled-monolayer from liquid phase
was observed to barely reduce the hysteresis while application of the same pas-
sivation material from gas-phase under vacuum conditions at elevated temperat-
ures reduced hysteresis significantly [193].

Tackling the reduction of hysteresis by passivation layers, Shimauchi et al. [29]Surface
Cleanliness confirmed that CNFETs on SiO2 substrates exhibit reduced hysteresis after bak-

ing in vacuum (from ~4 V down to 2 V). If contact patterning by photoresist was
omitted by using the catalyst areas themselves as electrodes, the hysteresis was
reduced more pronouncedly (from ~4 V down to approximately 0.5 V). Passiva-
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tion of non-clean devices did not reduce hysteresis. Only if the passivation was
applied after cleaning with piranha solution (H2SO4:H2O2 4:1) hysteresis was
reduced (from 6–10 V down to 0–6 V).

Passivation of surface-bound nanotubes can reduce hysteresis if the encapsula- Conclusion

tion material is sufficiently resistant against charge trapping/injection and if the
material is applied on dry [193] and resist-free [29] surfaces. These results indic-
ate that contamination induced during contact fabrication can increase hysteresis
and corrupt hysteresis reduction measures such as passivation and vacuum an-
nealing.

Careful treatment of the oxide during catalyst pre-treatment (annealing under Oxide Quality

argon) and encapsulation by methylsiloxane substantially reduced hysteresis by
eliminating bulk and interface charge traps [87]. However, hysteresis occurred at
high Vg [87], possibly due to charge injection at high fields. Annealing of atomic-
layer-deposited oxides can reduce hysteresis [57].

Multi-layer gate dielectrics with interfaces close to the nanotube channel in- Interfaces

duce hysteresis – beneficial for memory application [32]. On the other hand, for
short CNFETs on low-defect oxides, a fraction of the devices did not show hyster-
esis [32].

The oxide quality has substantial influence on hysteresis. Even on high-quality Conclusion

oxides, hysteresis on the order of Volts is observed for most of the devices.
Gating by polymer electrolytes suppressed hysteresis. Gating by electrolytes Electrolytes

improves gate efficiency and reduces the required gate sweep range [195].
Short pulsed gate measurements [196–198] reduce hysteresis and are especially Pulsed

Measurementseffective if pulses of alternating sign are applied.
Pulsed gate measurements can reduce the hysteresis which otherwise corrupts Conclusion

sensor readout. However, gate voltage pulses are increasing the power consump-
tion and require more complex readout implementation than static bias.

Suspended Nanotubes
Suspended nanotubes show reduced hysteresis [28, 33]. In addition, they are not Suspended vs.

Non-
Suspended

suffering from deformations induced by the substrate. Deformation of surface-
bound SWNTs was predicted and indicated experimentally [199]. The strains
resulting from surface features were suspected to be responsible for irregularities
in electronic transport experiments [199].

Suspending the nanotube by removing the underlaying substrate enables com-
parison of electrical performance before and after release. Suspending was found
to lower the on-current and to deteriorate the subthreshold slope of the transistor
[36]. The latter was attributed to the reduced gate control as air is a low-k dielec-
tric material. From 130 mV/dec before etching, the subthreshold swing degraded
to ~600 mV/dec after the trench was etched.

Suspending the nanotube reduced the 1/f noise amplitude by about one order 1/f Noise
Reductionof magnitude [36], consistent with trends observed in other work [33, 35, 37].

Suspended nanotubes exhibit less hysteresis and noise. But as the gate oxide Conclusion

is replaced by air, larger gate voltages are required.
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2.3.3 Integration of CNTs into macro-scale tensile stages
SWNTs grown across a trench of a Si die were mechanically strained by a 7 mmPiezo Actuator

large piezo actuator and measured by photoluminescence excitation (PLE) [200].
Ultralong suspended nanotubes were grown across 40 to 200 µm long trenchesTranslation

Stages of a die with breakable connections. The die was mounted on a macro-scale trans-
lation stage before cleaving the connections. The nanotubes were tensile loaded
and reversible changes in the Raman spectra ruled out slippage [20].

Nanotubes suspended across trenches in a flexible polymer support were
strained by a macroscale mechanical tensile stage enabling Raman measurements
under strain [201]. Au was evaporated onto the nanotubes for improved clamp-
ing and annealing resulted in gold beads useful for displacement measurements.

Changes in the band structure of ultralong SWNTs under axial strain wereThermal
Expansion measured by Rayleigh spectroscopy. Ultralong SWNTs were grown across 100-

µm -wide slits in a Si die and Au was evaporated through a coarse shadow mask
to clamp the nanotubes. The die was glued at both of its ends to a steel plate
before being cleaved into two pieces with the help of breakable connections. Sub-
sequently, axial strain was applied by heating the steel plate [167].

Tensile stages for axial loading of nanotubes were demonstrated, but they areConclusion

too bulky to fit into the specimen cambers of transmission electron microscopes.

2.3.4 Integration of CNTs into MEMS-based tensile stages
Microelectromechanical systems (MEMS) are a versatile platform for tensile test-Tensile Strain

ing of nanostructures [65, 202–208].
In a combined SEM/AFM system, individual MWNTs were „contaminationSEM and

probe welded“ onto a tip, manipulated and placed across the gap between an actuated
and a stationary MEMS support [145]. An individual MWNT was welded onto a
MEMS-based force sensor [209]. Espinosa et al. presented a MEMS-based tensile
testing stage for multi-walled carbon nanotubes [65, 204, 205]. MWNTs were
attached to a probe needle, cut by a focussed ion beam (FIB) and glued into place
using electron-beam induced deposition (EBID) from Pt precursor gas.

Strain-dependent Raman measurements on as-grown nanotubes bridging to aDirect Growth

cantilever were achieved by deflecting the cantilever using an AFM tip [210] or
by electrically heated thermomechanical micro actuators [211, 212].

Mechanical straining of CNTs by MEMS devices was demonstrated. However,Conclusion

clamping was often insufficient or contamination was induced during enhance-
ment of the clamping conditions.

2.4 Nanotube integration for electromechanical transducers
2.4.1 External probes
Sensitivity of electrically contacted MWNTs to mechanical deformations wasAFM

deflecting
CNT

demonstrated by actuation using an AFM probe tip [213].
AFM tips also strained SWNTs on flat substrates, mechanically clamped by

metal [214]. Down shifts in Raman G peak positions were observed.
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AFM tips were used to strain suspended nanotubes while measuring the elec-
trical transport properties by Tombler et al. [215] and by Minot et al. [91]. Tombler
et al. [215] assumed band gap changes not only to happen because of pure tensile
strain, but also due to strong local deformations induced by the tip. Maiti et
al. suggested that the experimental data can entirely by explained by bandgap
modulation induced exclusively by axial-strain [216].

Cao et al. used AFM tips to strain nanotubes integrated in microstructures AFM
deflecting
Cantilever

[184]. SWNTs were grown across cantilevers coated with molybdenum enabling
electromechanical experiments. Based on slack measured by SEM imaging, the
conductance changed right after the nanotubes were fully straightened. Gauge
factors of ~600 to ~1000 were extracted [184].

Stampfer et al. presented high gauge factors for suspended nanotubes strained
by cantilever structures actuated by an AFM tip [53].

Actuated by an AFM tip, a SWNT torsional pendulum was demonstrated to
act as a transducer by changing its resistance upon torsion [217].

Pressure sensors were fabricated from CNFETs arranged as strain gauges on Pressure

SiO2/Al2O3 membranes [25, 26, 85, 218, 219].
An electrical current was driven through an ultralong nanotube suspended

Electromagneticacross a 100 µm slit and contacted by coarse shadow masking. In an external
magnetic field, the induced Lorentz force was used to strain the nanotubes while
Rayleigh scattering was recorded. Gold evaporated onto the centre the nanotube
enabled optical detection of the nanotube position based on the displacement-
calibrated intensity change of scattered light from a focused laser source [19].

Large-sized SWNT forests (500 µm ·500 µm ·4 µm ) were manually manipu- Macro-Sized

lated and integrated as MEMS strain gauges (gauge factors of 3.75) actuated by a
macro-scale four-point bending test [220]. Dense horizontal networks on SWNTs
were employed as strain gauges (GF = 8.22 [221] and GF = 59.2 [222]).

Arrays of suspended, aligned CNTs showed GF of 248 [223].
Millimetre-long SWNTs were transferred onto a gold-coated polyester sheet

and a strain sensitivity of 0.004% was extracted by piezoresistive detection [155].
A two-axis strain sensor was demonstrated for nanotubes grown across Pt elec-

trodes (GF = 744) [224].
Strain sensors were fabricated based on macroscopically-large SWNT films SWNT Films

tensile loaded perpendicularly to the orientation of the nanotubes. Fractural
structures enabled straining of more than 200% with relatively consistent resist-
ance changes for thousands of cycles [225]. Transparent, polymer supported CNT
strain sensors were demonstrated by spray coating [226].

Fabricated by spinning CNT yarns, strain sensors were demonstrated. The Yarn

gauge factor of the CNT yarns was 0.5 [227].

2.4.2 Electrical contacts to CNTs embedded in MEMS actuators
Lithographically patterned metal platelets attached to SWNTs were released by Post-Growth

Metallisationa wet sacrificial layer etch and afterwards electrostatically actuated by Meyer et
al. [52]. Lee et al. integrated SWNTs as CNFETs into MEMS tensile actuators fab-
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ricated from silicon-on-insulator (SOI) wafers. SiO2 bridges provided temporary
supports for SWNTs during resist-based patterning of metal contacts [42, 43].

SWNTs were grown across TiN electrodes in MEMS structures [72]. ResistancePre-Growth
Metallisation changes of MEMS-embedded CNT were recorded [228]. However gate structures

were missing and hence transistor operation was not shown.
The signal-to-noise ratio of small bandgap semiconducting CNFET piezoresist-SNR

ors is found to be maximal at the gate voltage for which the transistor current is
minimal. To obtain highest strain resolution, operation at the device off-state is
recommended [229].

Strain gauges with an individual nanotube of favourable chirality can exhibitConclusion

larger gauge factors than gauges with many nanotubes of random chiralities
[230]. Clean integration of SWNTs into complex MEMS devices including gates
is a challenge.

2.5 Accessibility by TEM
Nanotubes can be characterised by transmission beams before integration into
the device [147, 151, 231] or as functional nanotube device [52, 69, 70, 78, 232].

Ultralong SWNTs were characterised by transmission electron diffraction andTEM before
Transfer Rayleigh scattering and subsequently transferred [151] onto electrodes for elec-

trical transport measurements [231].
SWNTs were characterised by TEM electron diffraction and subsequentlyTEM before

Manipulation picked up by multiple STM probe tips under SEM observation [147] to be placed
onto Pd electrodes on a flat substrate [147]. Hence, electrical characterisation of a
chirality-assigned, semiconducting nanotube was achieved, but the source-drain
current showed only weak dependence on the gate voltage. Regular Coulomb
blockade oscillations were missing in a large gate voltage range. This was suspec-
ted to be caused by defects in the nanotube, by substrate roughness or by residues
from the fabrication process [147]. Carbonaceous contamination [147, 233] on the
nanotube is known to occur during electron beam irradiation in TEM during
imaging and electron diffraction as well as during manipulation under SEM ob-
servation.

Ultralong DWNTs were electrically contacted as FETs on the substrate whileSeparate
Observation

Window
spanning across a slit farer away enabling chirality assignment by electron dif-
fraction [234].

Dedicated sample holders enable manipulation of nano-objects by AFM andHolder

STM inside a transmission electron microscope [235, 236].
TEM-accessible nanotubes deposited by dielectrophoresis and clamped byIn situ

Manipulation metal pads were strained using an in situ manipulator [237]. Manipulation in-
side a TEM and using a mercury electrode enabled resistance measurement of
chirality-assigned DWNTs [238].

MEMS-based in situ tensile stages provide high resolution in displacement andMEMS inside
TEM force measurements at small system sizes [65, 202–206].

Radial deformation in FETs consisting of small bundles was observed usingBundled FETs
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electron diffraction [232].
FETs compatible with TEM investigations were fabricated by direct growth on Clean FET

Mo electrodes [78].
Trenches in milled by a focused ion beam (FIB) and direct growth was used Electrically

Excited
Mechnical
Vibration

for imaging the mechanical resonances of doubly-clamped SWNTs. The vibra-
tion was excited by an AC electric field applied by an external piezo-positioned
electrode [67].

As carbon has a low atomic number, even very thin supports vanish nanotube Transparency

contrast required for high-resolution imaging [84]. Electron beam transparency Through
Holesfor nanostructures integrated in MEMS is commonly provided via through holes

[204, 239, 240]. Substrate thinning was applied to facilitate wafer through etching
[204]. TEM grids were fabricated by etching into the die from both sides. First,
a large-area backside etch formed thinned membranes which were then etched
fully through from the front side [241].

Backside lithography and etching can put constraints on the design of MEMS Comment

actuators because the arrangement of anchors is restricted by the size of the
through-hole, including a tolerance for possible misalignment.

A method that avoids wafer through etching is accessing devices close to the At Edge

edge of the die – enabled by a wet-etch of the substrate after cleaving [52, 69, 70].
Vertical pillars at the edge of the die enabled TEM observation in a direction
nearly parallel to the substrate surface [137, 242].

Meyer et al. achieved electrical measurements and TEM analysis of nanotube
devices fabricated close to the die edge and released by etching the substrate to
provide TEM-access [52, 70], including side-gated transistors [69] and nanotubes
torsionally actuated by platelets [52].

Etching the substrate at its edge exposes the devices to wet chemistry and can Comment

cause contamination [69]. While cleaving works fine for large pillar arrays where
the exact position of the cleaving edge does not matter, large suspended MEMS
actuators could be destroyed during cleaving.

Transparency can be obtained by sliding large micromachined structures bey- Beyond Edge

ond the edge [211]. In addition to design constraints, establishing reliable elec- Comment

trical connections to the actuator after sliding is a challenge.

Summary and Comments
Ultralong aligned nanotubes have been successfully integrated into macroscale Ultralong

tensile stages [167] and suspended ultralong nanotubes were electrically contac-
ted [19]. To overcome the size challenge (bulky tensile stage, permanent mag- MEMS

net, piezo) imposed by the limited space available in TEM, MEMS based-tensile
stages were employed [65]. Resist-based fabrication provided samples for in situ Lithography

electromechanical experiments by torsion induced by electrostatically actuated
paddles [52]. Unlike for metal deposits acting as substitutional contact models
[187], „unfortunately, the nanotube-metal interfaces can not be observed [...] in
the present geometry“ [70] p. 119 for functional devices. Contaminations can im-
pede observation [56, 69] and electrical behaviour [29, 199]. Characterisation of

Characterisation
Before
Integration
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as-grown nanotubes and subsequent integration into devices has been demon-
strated [147, 167], however at the risk of contaminating the device before elec-
trical characterisation. Lithography-free fabrication of TEM compatible transist-Lithography-

free ors was shown [78] but integration of clean and electrically interfaced SWNTs into
complex MEMS structures compatible with TEM inspection is still a challenge.
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3 Fabrication: Ultraclean,
TEM-compatible CNFETs
integrated into MEMS

In this chapter, clean fabrication methods for suspended CNFETs integrated in Content

micro actuators are presented. Standard processes used in microfabrication bear Challenge

the risk of contaminating carbon nanotubes by traces of residual resist. Usual
cleaning procedures cannot be applied, as they attack carbon nanomaterial.
Resist-based lithography for electrical contact definition is excluded to avoid the Solutions

risk of contamination. As a first fabrication method, on-chip stencil lithography is
described. Electrical contacts are formed directly on the suspended end-sections
of a suspended nanotube. The subsequent section presents a second approach
based on transfer, which maintains the device die at room temperature. Then,
the design of micro actuators for tensile loading is described. Afterwards, the so
called ’tilted-view’ approach is explained, which enables TEM investigations of
functional nanotube devices without the need for through holes.
Parts of this chapter have been published in Nature Nanotechnology1 [101] and
elsewhere [1, 2, 103, 104].

3.1 Electrical integration of ultraclean suspended SWNTs
Electrical connections to individual nanotubes are required to enable exploration Objective

of sensor concepts. The major focus of the presented integration processes
is cleanliness at the nanoscale - hardly achievable if resists are employed for
shaping the contacts [29]. The goal is to fabricate a suspended carbon nanotube Configuration

transistor (CNFET). A SWNT bridges from the source electrode (S) to the drain
electrode (D) as sketched in Figure 3.1. The source-drain voltage Vds induces an
electrical current Ids through the SWNT. The electric field of the bias Vg applied
on the gate electrode (G) modulates Ids. As this current through the nanotube
transistor channel is also influenced by other stimuli such as mechanical deform-
ation or the presence of chemical analytes, the nanotube transistor configuration
is a basis for sensor applications.

1 „Ownership of copyright in original research articles remains with the Authors, and provided
that, when reproducing the contribution or extracts from it, the Authors acknowledge first
and reference publication in the Journal, the Authors retain the [...] non-exclusive rights [...]
to reproduce the contribution in whole or in part in any printed volume (book or thesis) of
which they are the author(s) [...] and to reuse figures or tables created by them.“ Available at
http://www.nature.com/reprints/permission-requests.html, October 5, 2011
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Figure 3.1: Schematic representation of a suspended carbon nanotube field-effect tran-
sistor. The gate voltage Vg tunes the conductivity of the nanotube acting as channel
between source (S) and drain (D).

The first fabrication approach for clean nanotube transistors is on-chip shadow1st Method:
Shadow

Masking
masking. As described later in more detail, a SWNT is grown from the oxide-
coated source electrode across a 3-µm-long gap to the drain electrode. Sub-
sequently, a solid shadow mask is moved at close proximity above the suspen-
ded mid-section of the SWNT. The mask patterns the metal contacts deposited
by evaporation.

Direct growth followed by shadow masking allows resist-free fabrication ofAdvantages

electrical contacts to as-grown CNTs. Contamination is excluded by avoid-
ing resist-based lithography which would involve wet chemistry. Furthermore,
shadow masking is compatible with a wide range of contact materials and the
ends of the electrodes can be self-aligned to the nanotube.

As an alternative approach, SWNTs were grown on a fork structure, from2nd Method:
Transfer which the nanotubes were transferred onto metal-coated electrodes of another

die. The receiving die with metal-coated electrodes is not exposed to the highAdvantages

SWNT growth temperature of 850 °C. Thus, the process flow is in principle com-
patible with readout-circuitry fabricated by complementary metal oxide semicon-
ductor (CMOS) technology, which would suffer from temperatures higher than
450 °C. Additionally, the assembly approach provides the option to select a cer-
tain nanotube to be integrated.

3.2 Integration of suspended SWNTs by shadow masking

Stencil lithography is a contactless patterning method. It is applied here to de-Overview

posit electrical contacts onto an as-grown nanotube, avoiding any wet chemistry
after growth. Movable on-chip shadow masks outperform conventional off-chip
stencil masks [19, 151, 158, 159, 166, 167] concerning alignment accuracy and min-
imise mask-to-substrate separation.
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3.2.1 General concept of stencil lithography

Stencil lithography is a method to transfer a pattern defined as openings in a Shadow
Maskingsolid mask to the substrate placed underneath. A physical material flux is de-

posited through the openings of the mask onto the target substrate as depicted
in Figure 3.2a. Wherever the mask is not perforated, the solid mask (stencil)
blocks the material flux. The mask is separated from the substrate by a physical
gap. Thin films can be structured by stencil masking without the need for res-
ist. Manifold physical vapour deposition (PVD) techniques can be applied for PVD

shadow masking. They include thermal evaporation, electron beam evaporation,
pulsed laser deposition (PLD), molecular beam epitaxy (MBE) and sputtering.
In case of sputtering, non-zero gas pressure leads to a partially diffusive mater-
ial flux. The material flux is less directional and consequently the pattern blurs.
Moreover, sputtering includes (argon) plasma which can cause defects in CNTs.
Therefore, plasma-free and highly directional e-beam evaporation is employed
here. The material is put in a crucible and heated under vacuum by an electron
beam. The material evaporates and is deposited through the mask openings onto
the sample.

Stencil masks have been used for printing techniques since early days. A first History

demonstration for thin films was reported by S. Gray and P. K. Weimer in 1959
[243]. Wires close to a substrate surface served as stencil.

In general, stencil masks can be fabricated using milling, punching, laser cut- Mask
Fabricationting, arc erosion, and other methods. Typical stencil masks for microfabrication

are made of Si nitride membranes on bulk-etched Si wafers.

Stencil masks can not only be used to pattern the deposition of thin-film mater- Deposition,
Implantation,
Etching

ial. Stencil masks can also pattern ion implantation or dry etching.

A geometric limitation in resolution is inherent to stencil lithography. As illus-
Geometric
Blur

trated in Figure 3.2b, geometric blurring of the deposited material arises as the
material flux is not perfectly parallel. The flux is not fully directional because of
the finite source-mask distance (h) and owing to the broadness of the material
source (s). The extent of blur depends on the mask-to-substrate distance (g).

Following Arcamone et al. [244], the blurring extension ∆w for thin masks can
be approximated as:

∆w =
b− w

2
≈ s · g

2 h
(3.1)

Taking the values for a Plassys-II MEB550SL evaporator (h = 0.5 m, s≈ 2 cm),
a typical mask-to-substrate gap of 10 µm leads to an expected geometrical blur
of 0.2 µm. The blur depends linearly on g. A reduction of the gap to 1 µm is
expected to restrict the blur to approximately 20 nm.

Lateral shifts occur if the stencil aperture is off the centre axis of the slightly Lateral Shifts

conical material flux. For a mask opening at a distance r from the centre of the
substrate holder, the maximum lateral shift ∆r due to inclined deposition is:
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Figure 3.2: Schematic illustration of patterned physical vapour deposition. (a) Ideally dir-
ectional material flux patterned by resist-based lithography (left) and by stencil litho-
graphy (right). (b) Sketch illustrating the imperfections of the pattern transfer during
stencil lithography (shadow masking): Blur due to non-zero source size (s), shifts for
off-axis areas, and surface migration. Clogging due to coverage at the mask and the
sidewalls of the openings as well as mask distortions are neglected.

∆r =
g + t

h
· r (3.2)

where t is the thickness of the stencil mask.
Assuming an extreme sample position close to the border of the sample

holder (r = 5 cm) and a mask thickness of t = 1.5 µm (corresponding to the Poly2
layer of the commercial poly-Si multi project wafer service PolyMUMPs), a lat-
eral shift ∆r of 1.15 µm is expected for a gap g of 10 µm, or ∆r = 0.25 µm for
g = 1 µm respectively.

Both the blurring extension and the lateral shifts are minimised by reducingMask-to-
Substrate

Gap
the mask-to-substrate distance g and by maximising the source-to-mask distance
h. Increased h comes along with the cost of higher material consumption (radial
spread) and requires larger vacuum chambers. As a result of the non-zero source
size and the thickness of the mask, the thickness of the deposited material is
diminished for tiny mask openings w at comparatively large gaps g.

The blur occurring in stencil mask lithography is to be compared with blur oc-Comparison
with Lift-Off curring in metal lift-off using resist-based lithography. Lift-off is the commonly

used technique in resist-based lithography for thin-film patterning, shown in the
left part of Figure 3.2a. Lift-off is also a shadowing method and principally suf-
fers from the same blurring effects. But resist-based masks with undercuts have
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two major benefits. Firstly, thin mask layer thicknesses are achievable by resist
spin-coating. Secondly, the mask-to-substrate distance is zero as the resist is in
direct contact with the substrate surface. For resists, the blurring is dominated
by the layer thickness. Resist thicknesses of micrometres are standard in pho-
tolithography and sub-100-nm thin resist layers are in use for high-resolution
electron beam lithography (EBL). Undercuts are formed by appropriate expos-
ure. Undercuts can also be formed by bi-layer resists where the lower layer is
developed faster than the top one. For stencil lithography, the thickness of the
mask is often large compared to resist thicknesses. More crucially, the mask-to-
substrate distance is often even larger (depending on wafer curvature and fix-
ation method). Commonly, silicon nitride membranes on bulk-micromachined
Si wafers are used as masks. To minimise the mask-to-substrate gap, compliant
membranes have been developed by Sidler et al. [245].

Another patterning technique is metal thin-film etching. Metal is deposited Comparison
with Etchingeverywhere on the substrate. Using resist-based lithography, the metal is re-

moved from the undesired locations by etching. The electrode edges are defined
by the etch front. These edges might be sharper, but the nanotubes are exposed
to etchants.

During shadow masking, surface migration is an additional effect that contrib- Surface
Migrationutes to reduced contrast in pattern transfer: Material deposited on the substrate

can migrate along the surface by diffusion. Even for very short mask-to-substrate
distances, which reduce the geometric blur, the vertically impinging material can
diffuse laterally [246] leading to a halo. The extent of blur due to surface diffusion
is governed by deposition temperature, kinetic energy of the material at impact,
deposition rate, and material combination. In resist-based lithography, surface
migration also appears towards the undercuts of the resist. Undercuts facilitate
the lift-off of the deposited material from the unwanted areas. Small-sized under-
cuts can physically block surface migration, coming along with the risk of rim
formation (pile-up of material at the resist boundary).

Additional blur is induced by non-ideal vacuum conditions in evaporation sys- Residual
Gasestems. The directionality of the material flux can be affected by scattering owing

to residual gases inside the evacuated deposition chamber.
Atom diffraction at the openings (apertures) of the stencil mask is another Scattering

factor which in principle affects the pattern transfer. Though, diffraction effects
are usually negligible [247]. Reflection of material by the sidewalls of the open-
ings can occur in principle as proposed by Gray et al. [243]

In stencil lithography, the mask can be reused. In the course of many depos- Clogging

itions, the openings of the mask can become smaller due to material deposited on
the side walls of the openings [248] p27. To undo this so-called clogging, cleaning
of the stencil by selective etching may be needed [249].

Many thin films exhibit intrinsic stress after deposition. Hence, attention must Stiffness

be paid to the mechanical stiffness of shadow masks. The upwards-bending of
cantilever-like mask structures can be especially pronounced in case of thick and
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repeated depositions. Corrugated membranes [248, 250] can reduce the distor-
tion of the stencil mask during material deposition.

Lateral alignment of the stencil to the substrate can be done using a bondMask
Alignment aligner [251]. Arcamone et al. achieved an alignment accuracy of 1 µm on wafer

scale. For shadow masking in commercial services, such as SOIMUMPS [252],
where physical contact of the shadow mask with freestanding structures must
be avoided, alignment precision is low and tolerances larger than 30 µm can be
required.

Improved alignment was demonstrated by Brugger et al. [253]. A 3D shadowSelf-
Alignment mask was self-aligned to a bulk-micromachined target wafer by making use of

alignment slots fabricated along the <111> crystal planes of the (100)-oriented
mask wafer. Such micromechanical alignment guides were suggested by them
[254] also to maintain alignment during deposition processes which induce tem-
perature changes, and hence are prone to thermally induced mismatch.

Burger et al. [255] presented shadow masks integrated as a structural part of theIntegrated
Mask substrate itself. Silicon nitride beams were released by a KOH etch and served

as masks for the underlying bottom of the etch hole. Burger et al. emphasised
that such integrated shadow masks no longer need to be aligned to the etched
holes for which they themselves served as mask. In addition, on-chip integration
can avoid thermally induced drift of the mask during evaporation [256]. How-
ever, the applicability of integrated masks for electrical contacts was considered
to be limited [255] mainly due to restricted flexibility in pattern generation (mask
deformation for elongated structures, no ring-like structures possible).

Here, as CNTs are to be grown on the substrate, the issue of geometric obstaclesGeometric
Obstacle arises for integrated masks: The nanotube is aimed to bridge from the first elec-

trode, where growth starts, to the second electrode. But if the mask is in place
already before nanotube synthesis (or deposition) the nanotube may span to the
mask rather than to the second electrode as intended. Keeping the same mask in
position to define nanotube-support and contact metallisation would be prefer-
able to reduce alignment mismatch. However, the mask would likely be an
obstacle during growth.

Notwithstanding the drawbacks of limited pattern flexibility and being a po-Conclusions

tential obstacle during growth, stencil masks integrated on the chip provide signi-
ficant advantages concerning alignment. A technique to circumvent geometrical
obstacles during growth is described in the following subsection 3.2.2.

Compared with standard resist-based lithography, stencil masking has a lowFew Process
Steps number of processing steps. Once the fabrication of the re-usable mask is com-

pleted, only three steps are to be taken: alignment, deposition, mask removal. In
resist-based lithography, many steps are required: (dehydration bake), (adhesion
promoter), resist application, (prebake), alignment, exposure, (postbake), devel-
opment, drying, (plasma ashing), deposition, lift-off, (cleaning), drying.

The following lists summarise the strong and weak points of shadow masking:
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3.2 Integration of suspended SWNTs by shadow masking

Benefits of shadow masking:

• resistless and hence residual-free
• contactless (no mechanical loads as resist application is avoided)
• no wet chemical treatment of the substrate needed
• compatible with most materials
• reuse of shadow mask is possible
• low number of process steps
• parallel process

Challenges:

• high-resolution only for small mask-to-substrate gap
• surface migration
• alignment
• stencil deformation due to intrinsic stress in deposited material
• thermal expansion mismatch

3.2.2 Adapted stencil lithography for integration of SWNTs
To benefit from resistless, contactless and highly material-compatible stencil litho- Challenges

graphy, the following main challenges must be addressed for integration of short
individual SWNTs: lateral alignment precision and accuracy, mask-to-substrate
gap minimisation without mechanically harming the nanotube, and surface mig-
ration of the deposited material.

Here, a movable, guided shadow mask for the nanotube mid-section is in- On-Chip
Shadow Masktegrated on the chip itself to ensure sufficiently precise alignment. The metal

electrodes have to be aligned to the nanotube suspended between opposing
tips 3 µm apart. The die sizes are as small as 1 mm× 1 mm (needed for TEM-
accessibility as described in Section 3.5) which renders off-chip mask alignment
difficult. Instead, an on-chip shadow mask bar shields the nanotube from metal
deposition. The mask bar is attached to a laterally movable slider. The slider is
fabricated in parallel with the MEMS structures, into which the nanotube is to be
integrated. The vertical play (clearance) of the slider is constricted. Vertical mask-
to-nanotube gaps as small as 700 nm were reached. Cone and matching bumper
structures in addition to collateral guides enable sub-100 nm lateral alignment
precision.

For bond pad areas and extended electrical leads, large features need to be pat- Undercuts

terned. Although movable on-chip shadow masks made of poly-Si membranes
can structure multi-100-µm large features, challenges were faced concerning uni-
formity of the mask-to-substrate distance. Moreover, the die exhibits topography
with mechanically fragile structures: MEMS actuators and electrodes elevated
above the substrate to suspend the nanotubes. These structures and especially
the nanotubes themselves impose the need for careful placement of the shadow
mask without mechanical collisions. To meet the need for large features, a second
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3 Fabrication: Ultraclean, TEM-compatible CNFETs integrated into MEMS

shadow mask type is implemented: Leads and bond pads are vertically separated
from the substrate by undercuts all around their borders. Anchors are placed in
the centre area of leads and bond pads. The anchors mechanically connect these
structures to the insulating silicon nitride which covers the Si substrate. The un-
dercuts are sufficiently broad to ensure electrical separation during global metal
evaporation. Therefore, the movable shadow mask needs to shield only the sus-
pended part of the nanotube. The movable on-chip shadow mask becomes sub-
stantially smaller, which relaxes the stiffness requirements for the mask.

The undercuts themselves are somewhat similar to the concept of Cao et al. [34]Related Work

where isotropically etched trenches patterned the gates. In the work of Brugger
et al. [254], nanodots were evaporated onto freestanding MEMS beams. As a side
effect, the beams pattern the deposited material. Park et al. [257] used undercuts
fabricated by stencil lithography to reverse a pattern.

An alternative to on-chip undercuts would be the use of a conventional off-Alternative to
Undercuts chip stencil wafer with large feature tolerances for the coarse features. However,

alignment is difficult on the small die sizes required here for TEM accessibility.
Most convincingly, the undercuts are fabricated in parallel with the MEMS pro-
cess. A drawback of undercuts is the increased area consumption around the
anchors. The bond pads have borders with undercuts. Therefore, the pad size
must be sufficiently large to prevent mechanical damage during wire bonding.

During direct growth, some of the nanotubes land on the sidewall instead ofTilted Rotation

reaching the topside of the electrode. Covering the sidewalls of the oxidised
polycrystalline silicon electrodes with evaporated metal allows to contact those
nanotubes as well. Sidewall coverage can be achieved by tilted sample rotation
during evaporation as illustrated in Figure 3.3. However, tilting the mask and the
substrate with respect to the material flux results in a lateral shift of the deposited
metal pattern [255]. Thanks to the small mask-to-substrate distances g achieved
by the on-chip shadow masks employed here, the sidewalls can be metallised
without significant widening of the pattern. A large mask-to-substrate distance
would prohibit increased tilting angles as the additional geometric blur of the
deposit would yield fully metallised CNTs.

After these general considerations, the detailed process flow for shadow mask-
ing is described.

3.2.3 Fabrication of ultraclean CNFETs by shadow masking
The ultraclean fabrication of suspended nanotube field-effect transistors byOverview

shadow masking is presented in the following subsections. The process run sheet
can be found in Appendix A.2. Figure 3.4 illustrates the process flow comprising
poly-Si surface micromachining with sacrificial layer etching, local deposition of
catalyst nanoparticles followed by nanotube growth and palladium evaporation
patterned by on-chip shadow masks.

(a) Surface micromachined poly-Si structures
Support structures for direct growth of suspended SWNTs at high temperaturesPoly-Si
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Figure 3.3: Schematic illustration of the influence of substrate rotation in stencil masking.
(a) Ideal parallel material flux with substrate rotation – unchanged. (b) Real source
with finite distance to substrate. The distance of the mask opening from the axis of ro-
tation r and the mask-to-substrate distance g induce geometrical blur. For large values
of r and g, small mask features form concentric deposits with radius ∆r. (c) Tilted sub-
strate rotation yields even under ideal assumptions deposits of decreasing thickness.
Sidewalls of the mask – or vertical structures in general – are covered with material.

were fabricated from polycrystalline silicon (poly-Si) thin films. Similar to work
by A. Jungen [211, 212], a commercially available multi-user MEMS process (Poly-
MUMPs, MEMSCAP inc.) [4] was employed for fabrication. This multi-project
wafer-scale MEMS process incorporates deposition of three poly-Si layers and
two SiO2 layers on a silicon nitride covered Si wafer. Each poly-Si layer is struc-
tured by dry etching at a minimum feature size of 2 µm. The SiO2 sacrificial
layers enable freestanding poly-Si structures. By three anchor/via etching steps,
poly-Si layers can be anchored to the silicon nitride, or to the previous poly-Si
layer respectively. Dimples are defined by a partial etch into the sacrificial SiO2 .
The slots result in spikes at the bottom of the poly-Si layers and minimise stiction
of released structures. A final metal layer (Cr/Au) is available1. After this eight-
mask photolithography process, the wafer is protected by resist and diced before
shipping to the customers.

(b) Sacrificial layer etch
The protective resist was removed in acetone. The dies were dipped in isopro- HF

1 Cr/Au metallisation is avoided on dies which undergo the high-temperature nanotube synthesis.
Metal migration over hundreds of microns was observed and is suspected to corrupt nanotube
growth.
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3 Fabrication: Ultraclean, TEM-compatible CNFETs integrated into MEMS

Figure 3.4: Schematic illustration of the process flow for electrical integration of suspen-
ded SWNTs by resist-free on-chip shadow masking. SEM and light microscopy images
are shown on the right. (a) Surface micromachined poly-Si layers penetrate through
the SiO2 sacrificial layer to be anchored on isolating silicon nitride. Resist serves as pro-
tection. (b) Release etch by HF to form undercuts and freestanding poly-Si structures.
(c) To define the starting point of the nanotubes, adsorption windows are patterned by
electron beam lithography. Iron-loaded ferritin proteins are adsorbed on the oxidised
poly-Si surface. Catalyst islands are patterned by lift-off. (d) CNTs are synthesised by
catalysed chemical vapour deposition (CCVD) at 850 °C in 128 mbar CH4 plus 82 mbar
H2. (e) Directly after growth, palladium (Pd) is evaporated onto the suspended end-
sections of the nanotube. A movable on-chip shadow mask and undercuts around
the leads are shaping the metal. Deposition at 30° tilted sample rotation coats side-
walls and forms tapered, self-aligned contacts to the nanotube. Part of the images are
adapted from Nature Nanotechnology [101] and from [104]. © Macmillan Publishers
Limited, 2010 and © Wiley, 2011.
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3.2 Integration of suspended SWNTs by shadow masking

panol and deionized water (DI-water), and then dried by an N2 stream. The
sacrificial SiO2 was etched in 40% hydrofluoric acid (HF) for 3 to 5 min. The dies
were rinsed thoroughly in flowing DI-water and were put in subsequent baths of
1:1 isopropanol:DI-water and pure isopropanol. Finally, the dies were dried by a
stream of N2 and placed on a hotplate at 65 °C which was then heated to 120 °C.

(c) Catalyst patterning
Nanotubes were grown by the direct synthesis method from carbon feedstock SWNT

Starting
Position

gas decomposed on catalytically active nanoparticles placed on a substrate. Local
placement of iron catalyst nanoparticles on the poly-Si microstructures defined
the starting position of the nanotubes.

Diffusion barrier layer by thermal oxidation
At high growth temperatures of about 800 °C, Fe and Si can form silicides which SiO2

are energetically more favourable than iron carbides. Iron silicide formation cor-
rupts the catalytic activity of the Fe nanoparticles for SWNT synthesis [258]. To
prevent silicide formation, a diffusion barrier layer of at least 4 nm thick SiO2 is
needed according to Simmons et al. [259]. As a simple and fast method to thicken
the native oxide layer, the poly-Si growth supports were placed on a ceramic
plate and heated above 600 °C in ambient air for 10 min using a Bunsen burner.

Growth island definition by electron beam lithography
The starting position of the nanotube was defined using electron beam litho- EBL

graphy (EBL) for catalyst island patterning, similar to Kong et al. [135]. As resist
for lift-off, copolymer methylmethacrylate/methylacrylic acid (P(MMA/MAA))
in ethyl lactate (MicroChem) was spin-coated without further dilution (pure).
Three layers of P(MMA/MMA) were spun at 4000 rpm with three intermedi-
ate bakes at 150 °C for 90 s each. Moderate baking conditions and the triple-
layer stack improved coverage of the highly topographic and sharp poly-Si
features. Additionally, rounded corners of the structures facilitated full cover-
age with resist. At an electron dose of 420 µC/cm2, windows of 3 µm diameter
were written using a Raith150TWO electron beam direct writer operated at 30 kV.
The 30 µm aperture resulted in a current of typically 0.34 nA. The exposure
time per growth site is theoretically about 0.1 s neglecting driving and waiting
times. Alignment was performed with respect to markers (10 µm long crosses
of 2 µm width) defined in the same poly-Si layer onto which the catalyst nano-
particles were to be placed. The exposed resist was removed by developing for
70 s in 1:3 methyl isobutyl ketone (MIBK):isopropanol. The die was immersed
into isopropanol for 60 s and then dried under an N2 stream. Optionally, an O2
plasma was applied (3 min, 250 W) to clean the oxidised poly-Si surface on the
bottom of the windows for adsorption of catalyst islands.

Ferritin adsorption for catalyst formation
For deposition of catalyst nanoparticles, iron-loaded ferritin was adsorbed from Protein Shell

aqueous solution [144, 260]. Ferritin is a spherical protein complex which can
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incorporate a core of iron hydroxide. The shell is composed of 24 subunits and
can enclose up to ~4500 iron atoms [261]. Partial loading of the approximatelyFe-loaded

8 nm large hollow cage allows production of catalyst nanoparticle sizes suitable
for SWNT synthesis [260]. As reported by Durrer et al. [144], the concentrationCatalyst

Adsorption of ferritin in the solution governs the ferritin density on the substrate surface.
Hence, the final number of nanotubes growing per catalyst island can be tuned
by adjusting the concentration in the solution. Charges on the surface of the
protein hinder coagulation by electrostatic repulsion. As published by Chikkadi
et al. [262], changes in the surface charge of the target substrate can massively
increase the area density of adsorbed proteins. Lowering the pH value of the
ferritin solution down to pH 4 allows more diluted ferritin solution to be used.
The amount of ferritin stock solution needed to obtain a certain area density of
catalysts is drastically reduced. This is especially important for ferritin treated
by size-separation centrifugation, where the available amount of ferritin stock
solution is limited. As introduced by Durrer et al. [263], ferritin size-separation
can be achieved by centrifuging the proteins according to their loading-level de-
pendent sedimentation velocity (twice at 30 000 rpm for 17 h in a density gradient
using glycerol). For ferritin adsorption on the oxidised poly-Si through the win-
dows in P(MMA/MAA), the dies were preconditioned by a dip into MES buffer
solution (2-(N-morpholino)ethanesulfonic acid, 50 mM, pH 4) for 1 min, rinsed in
DI-water and subsequently dried by an N2 stream. Thereafter, the ferritin adsorp-
tion from stock solution diluted in MES buffer lasted for 3 min, followed again
by a DI-water rinse and drying.

Catalyst lift-off

The P(MMA/MAA) was removed and the ferritin proteins outside of the growthResist
Removal islands were lifted-off in three consecutive baths of acetone at room temperature.

Re-adsorption of ferritin proteins onto unwanted areas must be avoided during
lift-off. To improve the lift-off, the dies were stirred well and moved quickly from
bath to bath. Drying of the die was prevented using broad tweezers. After a final
aceton bath at 50 °C for 10 min, the die was immersed into isopropanol for 5 min.
The die was dried by an N2 stream and was put on a hotplate. A bake in air on a
ceramic plate above 600 °C for 1 min removed the protein shell by oxidation and
calcinated the ferrihydrite particles.

Subdicing

As it will be discussed in Section 3.5, the final die size is 1 mm× 1 mm. A singleEdge Beads

die contains one to six devices. Spin-coating on such small chips leads to tremend-
ous edge beads. These resist accumulations can be reduced to a certain extent by
surrounding the die by additional dummy chips of the same height. The die and
the dummy dies were assembled on an SEM carbon tape attached to a carrier
die. As edge beads occur at the border and for reasons of throughput, multipleThroughput at

EBL die sites were processed in parallel. Processing a die size of 2 mm× 10 mm re-
duced the time consumption during EBL preparation and alignment. Handling
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was facilitated (up to 32 die sites are manipulated at once prior to final subdicing
into 1 mm× 1 mm sizes). The final subdicing must be done before the nanotube
growth as long individual SWNTs would hardly ever survive spin-coating [22].
Hence, after ferritin adsorption and lift-off, subdicing to 1 mm× 1 mm sizes was
done – before growth. To protect the poly-Si structures during dicing, a double
layer of pure P(MMA/MAA) was spun onto the die at a final rotational speed of
3000 rpm and baked each for 70 s at 150 °C.

(d) Direct synthesis of CNTs by CCVD
Carbon nanotubes were grown from the catalyst island located on the first elec-
trode of the device structure. The nanotubes shall bridge from the first electrode
across the gap to the second electrode.

CNT Growth by catalysed chemical vapour deposition (CCVD)
CNTs were grown from methane by catalysed chemical vapour deposition in a
hot-wall quartz reactor (PEO-603-PLC-300C, ATV Technologie GmbH) [126, 144].
After evacuation of the reactor below 10−5 mbar, the Fe2O3 nanoparticles were
reduced in 310 mbar H2 at 850 °C for 10 min (static conditions, approximately
16 dm3 reaction volume). The reactor was evacuated again. Hydrogen was sup-
plied into the reactor to avoid excessive self-pyrolysis of the carbon feedstock gas
[126]. The pressure of H2 injected at 0.2 slm for 58 s reached 82 mbar. The partial
pressure of CH4 supplied at 1 slm for 34 s was 128 mbar, which added up to a
total pressure of 210 mbar. The growth time was set to 12-15 min. Thereafter, the
reactor was evacuated, cooled to below 400 °C, and purged with N2 three times
before being vented. The dies were unloaded below 250 °C.

(e) Resistless contact patterning by on-chip shadow masking
Placement of the mask
Directly after growth, the shadow mask was positioned closely above the mid- Micro

Manipulationsection of the suspended nanotube. As described in [101], the guided sliders
of the on-chip shadow masks were moved by a micromanipulator. The slider
was slid laterally by a worn-out atomic force microscopy (AFM) tip mounted
on a probe stage equipped with manually controlled piezo actuators (Burleigh®

PCS-5000-150). While operating the light microscope in differential interference
contrast mode (DIC), colour changes of the AFM cantilever helped detect the
touchdown of the AFM tip on the sample surface.

Collateral guides are schematically illustrated in Figure 3.5a-c, as demon- On-Chip
Guidesstrated by Jungen et al. [264]. The moving 2-µm-thick Poly1 (PolyMUMPs) is

guided by a 1.5-µm-thick Poly2 layer. The Poly2 is separated by a 0.75-µm-thick
sacrificial SiO2 and is wrapping around the side and on top of Poly1.

To keep the mask-to-substrate gap small without risking mechanical damage Vertical Play

of the nanotube during mask placement, vertical play has to be minimised. The
full vertical play of the movable Poly1 is 2.75 µm, a sum of the thicknesses of
the sacrificial layer between Poly1 and Poly2 and the sacrificial layer underneath
Poly1. Dimple structures are available, and can constrict the vertical play. But in
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Figure 3.5: Reduced vertical play of the shadow mask slider. The mask-to-nanotube dis-
tance can be minimised if the vertical play is low. Former slider design (a-c) with a
vertical play of 2 µm [264]. and novel slider design (d-h) with zero vertical play. (a)
Former slider design before release with standard dimples. (b) Released slider with
2 µm vertical play. (c) Slider moved into direction of projection. (d) Novel slider design
before release with oversized dimples and a Poly2 bar to become sliding on a Poly1
rail. (e) After release with initial play of 1.5 µm . (f) Upon movement of the slider, the
dimple on the Poly1 rail is pushing the slider upwards while the dimple of the sta-
tionary guide (left, Poly2) is pushing the slider downwards. Vertical play is reduced to
zero. (g) SEM image of slider (white labels, Poly2+P.1) where Poly2 moves on top of the
anchored Poly1 (grey label). ’A’ indicates the anchored downwards-pushing dimples,
and ’B’ indicates the moving up-lifted dimples. (h) SEM image of the up-lifted Poly2
dimple sliding on top of the Poly1 rail.
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PolyMUMPS the dimples are only 0.75 µm in height.
A novel concept to decrease the vertical play is shown in Figure 3.5d-f. The Zero Vertical

Playmovable Poly1 is connected to a piece of Poly2, which slides on top of an
anchored Poly1 bar. The play at the initial slider position is reduced to twice
0.75 µm, as illustrated in Figure 3.5e. Although the dimple etch is originally in-
tended for Poly1 and etches into the lowest sacrificial layer, adding dimple struc-
tures in Poly2 is feasible by over-sizing the dimple etch area. Upon movement of
the mask slider (f), the Poly2 dimples of the slider finally reach a non-indented
part of the Poly1 support bar. This lifts the slider by 0.75 µm. In addition, the
Poly1 of the slider is constricted by the 0.75-µm-deep Poly2 dimple of the station-
ary guide. Thus, the vertical play is reduced to virtually zero.

In addition to the in-plane collateral guides of the slider, cones and bumper Cone and
Bumperstructures were formed. The cones match into the bumpers and define the lateral

position of the slider after movement. To ensure precise mechanical positioning Compensate
Lithography
Misalignment

of the shadow mask with respect to the tip pairs for nanotube integration, the
alignment mismatch between Poly1 and Poly2 layers occurring in standard litho-
graphy has to be compensated.
Approach 1 compensates the mismatch between the Poly2 mask and the Poly1 Cone-Bumper

Compensationtips by fitting Poly2 cones into Poly1 bumpers. For some wafers, the litho-
graphic mismatch between Poly2 and Poly1 was larger than 1 µm. The avail-
able ~0.75 µm lateral play was not enough to compensate for the lithographic
mismatch and the slider became blocked. Additional lateral play was implemen-
ted by cut-outs of the guiding structures of the slider.

Approach 2 fabricates both the tip pair and the mask in the same Poly2 layer. Same
Lithographic
Layer

As both belong to the same photolithography mask layer and are defined sim-
ultaneously in the same photolithographic step, lithographic mismatch between
the tips and the shadow mask at its initial position cannot occur. However, the
shadow mask must be moved atop the tips, fabricated from the same structural
layer. The mask is formed on top of spacer layers (Poly0,Poly1). Additionally,
the tips are placed at a lower elevation, implemented by thinning the sacrificial
layers using the dimple etch. Therefore, the mask made of Poly2 can be slid over
the tips made of the same Poly2.

A small mask-to-nanotube separation of ~0.7 µm was achieved. Gap

Taking advantage of the cone-bumper fit, a lateral alignment of the shadow Alignment

mask along the SWNT axis was routinely achieved with an accuracy better than
50 nm. After removing outliers where particles or incomplete movement caused
obvious misalignments larger than 0.5 µm , a set of 23 mask placements was eval-
uated. An estimate for alignment accuracy of ~0.009 µm and a 1-σ alignment
precision of ~0.077 µm were extracted1.
To keep the shadow mask slider in its final position, poly-Si springs clamped the Clamps

slider while the pushing AFM tip was finally retracted.

1 Only designs with sliding direction perpendicular to the nanotube axis were considered. Slid-
ing direction along the nanotube axis, or older designs without full compensation of lithography-
mismatch can exhibit substantially larger misalignment.
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Metal evaporation
Electron-beam evaporation of palladium was carried out at a base pressure ofPVD

9 · 10−8 mbar (Univex 500, Leybold) and a source-to-substrate distance of 40 cm
or at a base pressure of 4 · 10−8 mbar (Plassys-II MEB550SL, Plassys) and a dis-
tance of 50 cm. A nominal thickness of 120 to 170 nm of Pd was deposited while
the axis of sample rotation (5 rpm) was tilted by 30° with respect to the direction
of material flux. The metal deposition extends onto the suspended nanotube end-Self-

Alignment sections. The contacts were self-aligned to the nanotube itself as the nanotube
acts as a template.

As electrostatic discharges (ESD) can harm the electrically contacted nanotubes,ESD

the small samples were mounted on a carrier chip using silver paste, rather than
carbon tape. An ionizing fan and soft-grounded wrist-straps were used during
sample handling.

Discussion on growth alignment
SWNT were reported to bridge between microstructured pillars [137, 242, 265–Waving

Growth 267] as a result of thermal waving of the nanotube while growing in a flying
mode: The nanotube is growing while being attached to the support only at the
catalyst site [268]. Jungen et al. demonstrated orientation of SWNTs along oppos-Nearest-

Neighbour
Attachment

ing sharp tips according to nearest-boundary attachment [138, 269]. A similar
nearest-neighbour alignment method is employed here. The catalysts are depos-
ited locally to define the starting point of nanotube growth on the first electrode
close to the opposing tip. Concerning the fabrication of sharp tips, opposingSharp Tip

Pairs electrode tip pairs were made of poly-Si solely by photolithographic means, as
described in Reference [103] and shown in Figure 3.6. The standard photolitho-
graphy process has a specified minimum feature size of 2 µm. Sharper structures
were achieved by drawing patterns smaller than the specified minimum feature
size. In the mask layer, two circles were subtracted from a bar. The circles had
radii of 7 µm and were separated from each other by 0.25 µm . As the standard
lithography is not capable of reproducing this waisted bridge design completely,
desired sharp poly-Si tips were formed. The gap between the tips was around
3 µm . Tips were thinned down in lateral dimensions below 500 nm.

This process is simpler compared to the tip formation approach introducedEarlier Work

by Jungen et al. [138], where sharp tips had to be fabricated by an HF etch
of thermally oxidised poly-Si bridges. Here, any buckling of double-clamped
beams due to compressive strain induced by oxidation is omitted. Moreover, the
initial structural layer thickness can be maintained.

3.2.4 Conclusions on the process flow of shadow masking
The process sequence is optimized to prevent any contaminations from wet chem-Sequence

istry and resist-based lithography. All process steps involving liquids, especially
the release etch and dicing are carried out before nanotube growth. Metal con-Clean

Processes after
Growth

tacts are patterned resist-free by on-chip shadow masking directly after growth.
As the metal is deposited after growth, growth temperature incompatibilities of

Material
Compatibility
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Figure 3.6: SEM images illustrating the nearest neighbour attachment of SWNTs during
growth. (a) Sub-feature size definition of opposing tip pairs for nanotube growth
at preferential alignment by nearest-neighbour attachment. Adapted from [103]. (b)
Nanotubes grown from patterned growth island are bridging preferentially along the
sharp tips defined solely by lithography [103]. 120 nm Pd was evaporated globally
which enhances visibility. © Elsevier B.V., 2009.

the contact material and swelling of Pd in H2 is avoided. Pd is known to catalyse
Si etching during etching in liquid HF [60], which was also observed during tests
on poly-Si layers. Support structure degradation after metallisation is excluded
here by completing the sacrificial etch before Pd deposition.

Crucial for contact formation to short nanotubes, the on-chip shadow mask Alignment

concept enables improved accuracy of mask alignment along the nanotube axis
(better than 50 nm) compared to standard off-chip wafer stencils. Perpendicular
to the nanotube axis, the metal leads are efficiently self-aligned to the suspen-
ded nanotube without the need for the exact location-mapping of the nanotube,
which would be necessary if electron beam lithography was used. The contacts Tapered

Contactsprotrude onto the nanotube and have a tapered shape.
The metal evaporation under tilted substrate rotation covers all side- Covered

Oxidewalls and also the substrate directly underneath the nanotube. Thus, all
SiO2 surfaces around the nanotube are metallised, which is beneficial for
hysteresis-suppression as presented later.

Catalyst patterning using lift-off can be troublesome, especially if the die sizes Catalyst
Lift-Offare large [76]. Catalyst particles removed with the resist can re-adsorb on ran-

dom positions. Multi-layer P(MMA/MAA) copolymer resist and rapid change
of solvent baths improved lift-off efficiency.

The area occupied by the on-chip shadow mask is relatively large, which cur- Scalability

rently limits the device density. Following our discussion published in the Sup- i: Area Density

plementary Information of [101], a reduction in area consumption is achievable
by more compact designs and by single sliders providing shadow masks to mul-
tiple tip pairs. A decreased shadow mask slider size of 90 µm by 170 µm was
obtained, consuming 48% of the area of the design of the first devices. In
a later design, a size of 65 µm by 75 µm was demonstrated, as shown in Fig-
ure 3.7. This design corresponds to a device density of 20 500 devices/cm2,
neglecting electrical routing and bond pads. An untested design anticipates a
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3 Fabrication: Ultraclean, TEM-compatible CNFETs integrated into MEMS

Figure 3.7: SEM images of the 65-µm-wide shadow mask slider design. (a) Initial position
and (b) after sliding the two alignment cones into the bumpers.

43 µm × 27 µm sized shadow mask slider. Unless advanced off-chip stencils al-
low for higher density, the achieved device density with the on-chip shadow
mask method is at least suitable for sensor applications where moderate device
densities are acceptable.

Electron beam lithography, used for the catalyst island definition, is a serialii: EBL

process and could be replaced by deep ultraviolet (DUV) lithography to aug-
ment throughput. The reasons for having chosen EBL over parallel exposure
lithography were: superior alignment capabilities, difficulties in applying stand-
ard photolithography due to the small die sizes (polyMUMPs), the relative ease
of stripping P(MMA/MAA) compared to other resists, and flexibility (no need
for Cr masks).

The mechanical manipulation of the shadow masks is a serial process step too.iii:
Manipulation Having the die ready for micromanipulation, the manually controlled sliding of

the masks can take as short as 10 s per slider. Customised arrays of manipulator
tips could possibly speed up the shadow mask positioning. Ultimately, advances
in wafer-scale off-chip stencils are expected to substitute the presented on-chip
shadow mask sliders.

The current bottle-neck is the control of growth. Exactly one SWNT is desired,Yield

as several-nanotube devices are more difficult to interpret. A suitable direction
of the nanotube is required. A nanotube short-circuiting to the gate impedes tran-
sistor operation of another properly suspended nanotube. Improvement of the
yield of individual SWNT devices can be achieved by tuning the number of cata-
lyst particles at increased catalyst nucleation yield. SWNT orientation could be
improved beyond the employed nearest-neighbour alignment by electrical fields
[86, 139] or by directed gas flow [140, 141]. However, alignment by gas flow may
require a minimum nanotube length [141]. Relying solely on the geometrical
nearest-neighbour alignment, currently only ~1 out of 100 devices yielded in a
single-nanotube transistor without gate leakage.
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3.3 Room-temperature integration of suspended SWNTs by transfer

Summary
Implementing on-chip shadow masking addresses the challenges in off-chip sten-
cil masking by enabling small mask-to-substrate gaps. Superior lateral alignment
is achieved by sliders with conical alignment structures and simultaneous defini-
tion of mask and nanotube support tips in the same lithographic step. Relatively
compact dimensions reduce the effects of stencil deformation upon material de-
position and minimise thermal expansion mismatch. Thus, the benefits of sten-
cil lithography can be exploited. Resistless and hence residual-free patterned
metal contacts are deposited self-aligned onto the as-grown nanotube. Compat-
ibility with a wide range of contact materials is ensured as the contacts are depos-
ited at moderate substrate temperatures after the SWNT growth. Avoiding any
wet chemistry after growth enables electrical integration of as-grown, suspended
nanotubes in an ultraclean manner.

3.3 Room-temperature integration of suspended SWNTs by
transfer

The shadow mask approach, introduced in Section 3.2, comprises direct growth Overview

of the SWNTs, which exposes the die to high temperatures. Hence, the incor-
poration of readout electronics in a monolithic system design is hindered due to
thermal budget limitations. To avoid the exposure of the die to the harsh SWNT
synthesis conditions, an alternative process has been established.

Suspended SWNTs grown on a separate substrate are mechanically transferred Concept

onto predefined electrodes of a receiving device die [102]. Nanotube transfer
from fork-like growth substrates enables compatibility with device substrates
sensitive to high temperatures, allows bottom contact geometries, and opens pos-
sibilities to select a nanotube of desired chirality for integration into electromech-
anical devices.

Motivation: Enable monolithic chip design, simple contact geometry, and
pre-selection of nanotubes
The shadow-mask concept is capable of providing electrical contacts to as-grown, Thermal

Budgetsuspended nanotubes without contaminating them as resist-based lithography is
avoided. But there remains a system design limitation: Even though the metal-
lisation is applied after nanotube growth and hence the metal is not exposed to
high temperatures, the die itself still has to endure the growth conditions. The Hybrid Chip

Designusual way to escape from the temperature challenge is to implement a hybrid sys-
tem design. Nanotube devices and CMOS electronics are separated physically on
two different dies. The dies are connected by external leads, e.g. wire bonds or
flip-chip solder bumps optionally including through-silicon vias. In a monolithic
approach, on the other hand, nanotube devices and readout electronics are in-
tegrated on the very same chip. Monolithically integrated readout circuitry can
increase sensor performance due to mitigated parasitics as the length of wiring
is reduced. In principle, the process flow for monolithic integration can be done
either ‘electronics first’ or ‘MEMS with nanotubes first’ [270]. Often, the preferred
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3 Fabrication: Ultraclean, TEM-compatible CNFETs integrated into MEMS

approach is ‘circuitry first’ to prevent damages of suspended nanotubes and to be
able to rely on standard foundry processes which usually exclude non-standard
metals such as Pd or catalyst materials. Low-temperature metal interconnectsCMOS

Degradation of standard CMOS technology typically suffer from degradation above 450 °C.
Post-CMOS annealing at 600 °C was considered to have insignificant influence
on the transistor performance itself in 0.25 µm CMOS circuits, but interconnects
degraded [271].

Tseng et al. [272] achieved monolithic integration of carbon nanotubes in n-High-
Temperature

Interconnects
channel metal oxide semiconductor (NMOS) circuitry by implementing dedic-
ated poly-Si and molybdenum (Mo) interconnects. However, Mo silicide form-
ation and/or dopant diffusion were suspected to induce changes in material
composition of the contacts to nanotubes, which changes the work function and
hence the contact properties.

Despite progress in lowering the synthesis temperatures to allow for directLow-
Temperature

Growth
integration by using more reactive gases such as acetylene (C2H2) [128] and by
plasma enhanced growth [131, 132], there is still no satisfying process available to
synthesise highly crystalline SWNTs at temperatures compatible with standard-
CMOS. The quality of nanotubes obtained at reduced temperatures is generally
rather poor [128–130].

Local heating of micro bridges [212]p.85 provides a path to restrict the thermalMicro Heaters

loading during CCVD to a small part of the die. However, local heating requires
in situ electrical power supply, or optical feedthroughs for laser energy, limiting
batch compatibility.

Deposition of nanotubes from solution by dielectrophoresis maintains low tem-Solution-based
Deposition perature on the device chip - as demonstrated by Burg et al. [85] using the same

nanotube raw material as employed here. Dielectrophoresis is thermally com-
patible with standard CMOS. However, surface bound CNFETs typically exhibit
severe gate hysteresis in the range of several volts [85] (see 1.2). Moreover, sus-
pended geometries are difficult to obtain due to the risk of nanotube rupture dur-
ing drying. Contamination is inevitable during wet processing and annealing is
needed to desorb the surfactants [81].

Concept of direct transfer
Direct transfer [154] of suspended nanotubes from a growth substrate onto aDirect Transfer

receiving device substrate is a room-temperature process free of liquid media.
Transferring the externally grown nanotube onto the device chip is compatible
with low-temperature metallic interconnects, and hence opens up possibilities
for monolithic integration of nanotube-based sensors.

Transfer [154, 155] and stamping [151–153] of nanotubes have been reportedRelated Work

earlier. Predefined pillars [152–154] or a single slit [155] served as growth sup-
ports. For these concepts the nanotubes will be transferred to a predefined spot.
An exception is the work by Huang et al. [151] where the location of placement
can be chosen, but cleanliness suffers due to clamping by resist. Also for the
direct synthesis of the nanotube on the device site (Section 3.2), the nanotubes
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belong to a certain, predefined location.

In contrast, the fork approach [102] presented in this work, opens the way for Selection

selecting a nanotube to be integrated. For example, a specific nanotube of de-
sired chirality grown between one of multiple pairs of parallel arms of a fork can
be chosen for transfer. Placement by pressing the nanotube between the selec-
ted arm pair onto the receiving electrodes by micromanipulation paves the way
to select chiralities. Raman spectroscopy can be employed to pre-select specific
nanotubes without exposing them to electron beams and thus avoiding any car-
bonaceous deposition during the selection sequence. The integrated nanotubes
are still accessible by transmission electron beams in tilted-view, as discussed
later in 3.5.2. This enables verification of the chirality and the number of nano-
tubes. Huang et al. employed Rayleigh scattering to select ultralong SWNTs and
burned off undesired nanotubes by intense optical irradiation. However, cleanli-
ness is sacrificed in their approach as the nanotube is kept fixed on the flat target
substrate by adding a drop of photoresist [151].

Compared to shadow masking, the transfer approach allows modified device Contact
Geometrygeometries. The tapered, needle-like contacts extending onto the suspended

nanotube - unique for the shadow masking process - are excluded while the rest
of the ultraclean configuration is basically maintained. Combining transfer and
shadow masking will allow comparing blunt contacts obtained by transfer with
needle-like contacts fabricated by shadow masking on the very same nanotube.

The technology for poly-Si MEMS fabrication employed here comes along with MEMS
Fabricationhigh-temperature steps. These steps will have to be substituted for monolithic

CMOS integration by low-temperature MEMS technology, for instance based on
polycrystalline silicon-germanium (poly-SiGe) or on polymers.

The solution-free, room-temperature direct transfer is a process able to integ- Benefits

rate ultraclean, suspended nanotubes into surface micromachined devices. The
nanotube is not exposed to any release etching step. Neither the as-deposited
metal electrodes nor the device die itself must withstand the nanotube synthesis
conditions. Clean selection of nanotubes becomes possible using optical spectro-
scopy. For demonstrator fabrication, a major benefit is the repeatability of the
nanotube placement ensuring that the nanotubes are available - certainly and
exclusively - at the predefined spot.

After these general considerations, the fabrication of CNFETs by fork transfer
[102] is described in detail.

3.3.1 Fabrication of ultraclean CNFETs by transfer

Carbon nanotubes were grown on a separate die across the arms of a poly-Si fork. Transfer from
ForkThose CNTs spanning across the fork arms were then transferred onto metallised

electrodes of the receiving device die as sketched in Figure 3.8. The process run
sheet can be found in the Appendix A.2.
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a bb

Figure 3.8: Schematic illustration of the nanotube integration by transfer. A nanotube is
grown in-between the arms of a fork and transferred onto the electrodes on a second
die, which remains at room temperature. (a) Fork with as-grown nanotube suspended
in-between the arms. (b) Placement of the nanotube onto receiving metal electrodes.
Reprinted from [102]. © IEEE, 2011.

(A + B) Surface micromachined poly-Si structures and release etch
As described in Section 3.2.3(a), surface micromachined poly-Si layers were fab-
ricated and the sacrificial SiO2 was etched in HF. As illustrated in Figure 3.9a
and b, two distinct dies were fabricated. One serves as SWNT growth substrate
featuring a comb-like fork. The other die carries two parallel 2-µm-wide poly-Si
bars separated by a nominal distance of 2 µm. The bars will act as electrodes and
are elevated above the substrate1. The SiO2 sacrificial layer forms undercuts all
around the receiving electrodes.

(C) Catalyst deposition
The die with the poly-Si fork serving as SWNT growth support was heated above
600 °C for 10 min to thicken the SiO2 surface layer acting as a diffusion barrier
as discussed earlier in Section 3.2.3(c). Thereafter, without any patterning, iron-
loaded ferritin proteins were adsorbed (see Section 3.2.3) on the oxidised poly-Si
surface of the forks.

(D) Synthesis of CNTs by CCVD on separate growth substrate
The fork was slid beyond the edge of the die, based on the slider principle in-
troduced by Jungen et al. [264]. The micromanipulation was done with manu-
ally controlled piezo-driven AFM tips (see 3.2.3(e)). Since the fork is protruding
from the die, the nanotubes are prevented from attaching to the substrate during
growth. The nearest-neighbour is the opposing arm and not the substrate. Thus,
the 8 µm wide gaps between the arms of the fork can be bridged by the nano-
tubes. SWNT were grown by CCVD at 850°C for 15 min, using the same recipe

1 The gap between the substrate and the electrode bars is 2 µm in height for Poly1(stacked with
Poly2), or 1.25 µm if the oxide is dimple-etched, or 0.75 µm for Poly2 using Poly1 as bottom gate.
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Figure 3.9: Sketch of the transfer process for fabrication of suspended, ultraclean carbon
nanotube transistors (CNFETs) on temperature-sensitive substrates. (a,a*) Surface mi-
cromachined poly-Si structures with sacrificial SiO2 . (b,b*) Release etch in HF to form
undercuts and movable structures. (c+d) Catalyst adsorption and SWNT synthesis at
850 °C across the arms of a fork moved beyond the edge of the growth substrate. (e)
Pd evaporation onto the pre-structured – possibly temperature-sensitive – die where
undercuts pattern the metal leads. (f) Transfer of the nanotube from the growth sub-
strate (flipped by 180°) onto the Pd electrodes by micromanipulation. (g) Suspended
transistor with gate, source and drain electrodes (G,S,D). Adapted and reprinted from
[102]. © IEEE, 2011.
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described in Section 3.2.3(d). The number of nanotubes between the arms of the
fork can be influenced by the dilution of the ferritin solution. In contrast to the
growth substrate, the device chip remains at room temperature.

(E) Contact pre-fabrication on receiving die
On the device chip, contact electrodes and gates were formed by blanket evapor-Metallisation

ation of Pd intrinsically patterned by shadowing at the undercuts resulting from
sacrificial layer etching. In contrast to the transfer process by Wu et al. [154], with
photolithography and Au etching for gate structuring done after electrode depos-
ition, here the metal evaporation was performed as the last step before transfer,
ensuring clean electrode surfaces. Individual gates can be structured using un-
dercuts in the intermediate poly-Si layer (Poly1, not shown).

A stack of two 500 µm thick spacer chips were bonded into a ceramic pack-Die and Wire
Bonding age using epoxy glue (EPO-TEK® H20E, from Epoxy Technology). The receiving

die was bonded onto the spacer chips by silver paste (detachable for subsequent
TEM investigations). Aluminium bond wires connected the pads of the package
(Ceramic Leadless Chip Carrier, CLCC32) with the bond pads of the device die.
Bonding parameters can be found in the run sheet in Appendix A.2.

(F) SWNT transfer by electron-irradiation-free micromanipulation
The transfer of a nanotube, grown between the arms of a fork, onto electrodes ofLight

Microscopy the device die is sketched in Figure 3.8, in Figure 3.9f, and is shown in the light
microscopy images in Figure 3.10. The die with the fork carrying the as-grown
nanotubes was flipped and attached to the bottom-side of a cantilever. The can-
tilever was manipulated by a piezo-driven micromanipulator1. The fork move-
ment was observed by light microscopy2. The fork approached the receiving Pd-
coated electrode pair of the device die from above. Upon lowering the fork, the
suspended nanotube bridging between the fork arms touched the topside of the
Pd electrodes and was bent around the edges of the electrodes. Monitoring theCurrent

Monitoring current resulting from a 0.2 V bias applied across the receiving electrodes [146] al-
lowed the detection of successful placement of nanotubes. The source-drain bias
was increased aiming at annealing the contacts between the nanotube and the
Pd electrodes. An N2 stream was intended to prevent nanotube burn-out. There-
after, the fork was pushed all the way down to the substrate. This ruptured, or de-
tached, the nanotube from the fork. In some cases, the nanotube was not broken
off, or detached, from the fork but slid away from the receiving electrodes when
the fork was retracted. Such events were detected by a sudden drop of Idsto zero.
Placement can be repeated, simply by using nanotubes from the next pair of fork
arms. Typically, multiple growth dies with different ferritin dilutions were pre-Nanotube

Density pared. Consequently, forks with an adequate area density of nanotubes can be
selected. In addition to tuning the nanotube density, the risk of placing multiple
nanotubes at once was reduced as follows: The fork was lowered with an initially

1 Burleigh® PCS-5000-150, 150 µm travel (0.14 µm/degree rotation of turnwheel)
2 Olympus BX-series, LMPlan FI 50X long working distance objective with 10.6 mm working dis-

tance or LMPlan FI 100X with 3.4 mm working distance and 0.8 NA; 10X oculars
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short overlap with the receiving electrodes. If no nanotube placement was detec-
ted, the fork was pulled upwards and the overlap was slightly increased for the
next placement trial (saw-tooth-like movement)1.

After nanotube placement and withdrawal of the fork, changeover switches ESD

(see Figure 3.10a) disconnected source and drain electrodes from the BNC plugs
which had be used to apply the bias. Instead, S and D were connected to ground
via 2-MΩ-resistors in order to protect the nanotube device from electrostatic dis-
charges during handling.

3.3.2 Conclusions on the process flow of direct transfer
As SWNT growth takes place on an external substrate equipped with forks, the Sequence

nanotube receiving die is not exposed to the harsh growth conditions. Hence, Advantages

Room-
Temperature

fork-based transfer in principle enables monolithic integration of carbon nano-
tubes on substrates incorporating CMOS circuitry.

Moreover, packaging and wire bonding can be finalised before the nanotube Wire Bonding

is integrated. Therefore, the risk of losing the nanotube during wire bonding is
eliminated.

The assembly approach offers opportunities to select a certain nanotube for Selection

integration by Raman spectroscopy, photoluminescence, or Rayleigh scattering
(or by electron diffraction if some carbonaceous depositions are acceptable).

Similar to the shadow mask approach, metal evaporation at tilted sample rota- Oxide
Coveragetion allows coverage of all oxide surfaces in the vicinity of the nanotube.

The nanotubes grow on a separate die. In this case, catalyst patterning is not Catalyst
Lift-Offneeded and incomplete catalyst lift-off cannot result in excess nanotubes growing

at unintended locations of the device die.
Additionally, nanotube orientation can be influenced by nearest-neighbour at- Orientation

tachment [138] by geometrical structuring of the growth substrate. Oriented
nanotubes can be transferred from forks with alignment tips onto blunt elec-
trodes.

During growth on the fork, insufficiently long nanotubes are discarded as they Discard of
Short CNTsfall back on the arm from which they started to grow. Presumably, the rare case

of single-clamped nanotubes can hardly be brought into firm contact with the re-
ceiving electrodes, and will not be annealed in any case. However, two nanotubes
growing from adjacent arms can meet each other and form a bridge consisting of
a bundle. This drawback may be suppressed by introducing patterned catalyst
deposition on the fork and/or by directional control during growth.

As the nanotubes to be transferred are attaching to the arms, most of them Straightening

are straightened due to zipping-effects [273] either with the arms or with other
nanotubes. Hence, nanotubes are pre-aligned and straightened. The amount of
pre-straining is currently under evaluation [274].

A small gate distance is important for efficient gate coupling. For the earlier Gate Distance

presented direct growth however, a short vertical distance from growth spot to

1 An additional improvement could be achieved by rendering the nanotube ends optically visible as
demonstrated by Huang et al. [151], or by spectroscopic mapping.
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Figure 3.10: Transfer of SWNTs under light microscopy observation. (a) Sketch of the
nanotube grown on the fork. The fork was slid beyond the edge of the chip. The
chip is attached by SEM tape to the cantilever of the manipulator. (b) Picture of the
micromanipulator. Three piezo-driven translation directions X,Y,Z (150 µm each) in
parallel with 28 mm mechanical hub, and three mechanical rotation axes α, β, γ are
available. (c) The growth substrate is attached to the micromanipulator cantilever by
carbon tape. The packaged receiving die is connected to BNC plugs via the PLCC32
socket for in situ current monitoring. Image contrast is artificially increased. (d) and
(e) Light microscopy images taken during manipulation of the nanotube-carrying fork
(coloured for better visibility). Electrical current across the receiving source and drain
electrodes [S and D, in (d), coloured] indicates successful nanotube placement. This
device was contacted by probe needles instead of wire bonds. A part is reprinted from
[102]. © IEEE, 2012.
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bottom gate tends to result in electrical shorts: Nanotubes land on the bottom
gate due to nearest-neighbour attachment. In contrast, transfer ensures that the
nanotube is suspended across the whole gap length as insufficiently long nano-
tubes are discarded. Moreover, the transferred nanotubes are placed on the top
surfaces of the electrodes and cannot unintentionally attach to the sidewalls. Ow-
ing to these reasons, smaller bottom gate distances become possible compared to
direct growth.

Not every placement trial results in successful nanotube bridging (depending Yield

on nanotube area density) and not every electrically detected nanotube stays in
place upon retraction of the fork. But placement can be repeated. Moreover, the
nanotube density can be adjusted on several fork dies (re-usable) without wast-
ing receiving MEMS dies. The final success rate in fabrication of devices increases
and was larger than ~80%. The reasons for failed devices were mainly failures
related to wire bonding, handling mistakes, or in rare cases broken receiving elec-
trodes due to manipulation mishaps.

In the transfer approach, the nanotube placement can be repeated (and nano- Comparison to
Shadow
Masking

tubes can be re-grown on the forks). In the shadow mask approach in con-
trast, growth can not be easily repeated because post-growth metal evaporation
has to be conducted before electrical evaluation becomes available. Before elec-
trical characterization, all processing steps of catalyst patterning and adsorption,
growth, mask placement and metallisation must be completed and cannot be re-
done without considerable efforts. Stringently, before growth, the chip had to be
sub-diced into small die sizes which hardly allow repeated spin coating required
for catalyst patterning. For the fork transfer in contrast, the nanotube integra-
tion step can be repeated, until in situ current monitoring indicates successful
bridging of nanotubes.

The assembly by micromanipulation is a serial process. However, future auto- Scaleablity

mation can be anticipated, in analogy to robots employed nowadays for assembly
in automotive industry.

The following lists summarise the strong and weak points of direct transfer:

Benefits of fork-based transfer:
• ultraclean, as neither liquids, nor resists, nor electron beams are involved

after growth
• compatible with most contact materials

additional benefits compared to shadow masking:
• receiving substrate remains at room temperature (CMOS-compatible)
• nanotubes are on desired location exclusively (no risk of incomplete cata-

lyst lift-off)
• blanket catalyst deposition on fork replaces the costly electron beam litho-

graphy for catalyst patterning
• nanotubes oriented along the arms are discarded
• insufficiently long nanotubes are discarded
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• smaller gate distances become possible
• structures for nearest-neighbour-orientation can be outsourced to the fork
• nanotube integration step is repeatable
• in situ current monitoring enables high final yield per MEMS device
• simpler contact geometry possible (blunt contacts, simpler for simulation)
• possibility to select a certain nanotube
• nanotube density series possible using multiple growth substrates (instead

of single ferritin dilution per MEMS die)
• wire bonding is finalised before nanotube placement
• ease of ESD protection by changeover switches

Challenges compared to shadow masking:
• mechanical clamping is weaker
• nano-tapered contacts are missing
• transfer is a serial assembly step in contrast to direct growth

Summary
Transfer of nanotubes from a fork structure enables the use of temperature-
sensitive substrates, such as CMOS chips, because the device die bypasses the
high SWNT growth temperatures. In contrast to other assembly methods, the
fork approach avoids contamination often caused by wet chemistry or electron
beam observation. High yield per device site is enabled by repeated placement
until a current is detected. As wire bonding is finalised before nanotube place-
ment, ESD and/or ultrasonic power during bonding cannot cause harm to the
nanotube. As the nanotube growth on the forks is separated from the receiving
electrode pair, the possibility is enabled to select a specific nanotube for place-
ment. Short or wrongly oriented nanotubes are discarded as they do not bridge
the fork arms. The gate-to-nanotube distance can be reduced and simpler con-
tact geometries are enabled. Issues related to catalyst lift-off are avoided and
nanotubes at undesired locations are efficiently excluded. However, industrial
exploitation of transfer from arrays of forks for sensor fabrication will need sub-
stantial progress in micro-automation and high-speed Raman/Rayleigh screen-
ing. Despite the current lack of automation, nanotube transfer provides suspen-
ded, straight, and ultraclean electrically integrated nanotubes at a desired loca-
tion and with some orientation control for demonstrator devices.

3.4 Integration of SWNTs strainable by micro actuators
The application of mechanical loads to integrated SWNTs is not only of fun-Motivation

damental interest for the investigation of mechanical properties of nanotubes.
Straining nanotubes is also the key to exploit their piezoresistive behaviour
in electromechanical transducers and opens possibilities for frequency-tunable
mechanical resonators.
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Figure 3.11 illustrates straining of an individual nanotube. The drain electrode, Overview

one of the two supports of the suspended nanotube, is mechanically connected
to a pulling micro actuator.

suspended SWNT
actuator

substrate

micromachined
support

Figure 3.11: Schematic illustration of a nanotube suspended between a stationary support
and a movable shuttle displaced by a microfabricated actuator. A nanotube is uniaxi-
ally strained if well aligned to the direction of displacement.

Nanotubes can experience several different kinds of deformation. Tensile Deformations

strain along the nanotube axis is called uniaxial tensile strain. Off-axis deforma-
tions can lead to shear-strain or torsional strain.

Earliest deformation experiments of suspended nanotubes [91] made use of
probe tips pushing the suspended nanotube perpendicular to its axis. In addition
to tensile strain, bending, radial compression, kinking, and possibly torsion were
induced simultaneously. To keep the system as simple as possible for comparison
with theoretical predictions, less complex deformations are preferred.

Torsional deformation by electrostatically actuated paddles attached to sus- Torsional
Loadingpended nanotubes was demonstrated [52] Several electrodes and well defined

geometry would be required to apply pure torsional loading without additional
tensile contribution.

Compared to pure torsion, pure axial strain can be imposed more easily. Linear Axial Loading

actuators can axially load a nanotube bridging from a fixed anchor to a shuttle as
already shown in Figure 3.11. Alignment of the nanotube axis with respect to the Nanotube

Alignmentdirection of displacement is crucial to avoid rotation around the anchor points of
the nanotube. Rotation would imply bending or even non-linear buckling. For
calculation of strain levels based on actuator displacement, angular deviation
from the displacement direction has to be taken into account. The sharp opposing Support

Designtips (Figure 3.6) improve alignment of nanotubes in direction of displacement
during growth [138, 269]. In case of nanotube transfer from a fork (Section 3.3),
the nearest-neighbour attachment aligns nanotubes preferentially perpendicular
to the arms.

Microfabricated actuators are appealing for tensile loading of carbon nano- MEMS

tubes for the following reasons: integration into small-sized systems, compat-
ibility with size-restrictions of measurement chambers (TEM), reduced thermal
drift issues compared to external actuators such as AFM probes.

Electrically heated thermomechanical actuation and electrostatic actuation Actuation
Principleswere chosen as displacement mechanisms. Piezoelectric materials would be dif-

ficult to be integrated in direct growth approaches. Three/or four-point bending
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Figure 3.12: SEM image of an electrically heated thermomechanical MEMS actuator for
integration of SWNTs. Reprinted from [2]. © IEEE, 2011.

devices would be highly accurate due to the immense mechanical reduction ratio
and are an appealing option on the macro scale. For the intended use for exper-
iments inside a TEM, however, bending the whole substrate typically requires
relatively large forces and much space.

3.4.1 Electrically heated thermomechanical actuators
Electrically heated thermomechanical actuators were designed similar to those ofElectrothermal

Jungen [212, 275] and Espinosa [204]. Figure 3.12 shows an actuator fabricated by
poly-Si surface micromachining (PolyMUMPs). A V-shaped array of beams is ar-
ranged in a double-clamped manner. This chevron arrangement acts as displace-
ment amplification of the thermal expansion of the electrically heated beams. The
centre of the beams is connected to a common backbone, which is coupled to the
electrode to be displaced. Compliant springs serve as heat sinks, as additional
guidance and as electrical signal paths.

Compared to designs of A. Jungen [212, 275], the thickness of the beams was
increased by stacking Poly1 and Poly2. The increased aspect ratio enhances the
vertical stiffness. To optimize the design of springs and actuator beams, the ratio
of the section moduli Zz out of plane and Zy in plane has to be maximised.

Zz

Zy
=

b·h2

6
h·b2

6

=
h
b

(3.3)

Using the stack of poly layers instead of a single layer, h was increased from
1.5 µm to 3.5 µm. The width of each actuator beam was 3 µm.

Actuators based on thermal expansion via Joule heating can induce substantialHeat Sinks

amounts of heat. To minimise interference with the nanotube under test, the
distance to the actuator should be large. Heat sinks via springs anchored to the
substrate and fins were added to reduce parasitic temperature increase.

To facilitate TEM investigations in tilted view, to be described in more detailDisplacement
Transmission in Section 3.5, the structures under investigation have to be placed close to the

edge of the chip. The symmetry axis of an actuator cannot be placed closer to the
edge than half of the actuator width. To locate the region of interest closer to the
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3.4 Integration of SWNTs strainable by micro actuators

Figure 3.13: Movable shuttle with array of tips close to edge of the chip. (a) SEM image of
electrically heated thermomechanical actuator with mechanism. Mechanical motion is
translated via a transmission rod from the actuator to the shuttle. (b) Close-up of the
tip pairs tilted by 54°.

edge, mechanical transmission rods were used to translate the displacement gen-
erated by the actuator onto a shuttle close at the edge. Figure 3.13 shows an array
of displaceable tip pairs located at the chip border. A framework construction
increased the stiffness of the translation structure. The openings of the frame-
work enabled short release etching times. Dimples reduced the risk of stiction
during drying. The array of tips allows mechanical loading of several individual
nanotubes per actuator.

3.4.2 Electrostatic actuators
Electrostatic actuators were implemented as an alternative to electrically heated Electrostatic

Actuationthermomechanical actuators. Charges of opposite sign sitting on opposing sur-
faces induce attractive forces. Charged parallel plates allow relatively large
forces, although thermomechanical actuators can supply higher forces per chip
area. The force output per area is weaker for interdigitated electrodes arranged Comb Drive

as opposing combs than for parallel plate configurations. But the displacement
is more linear with respect to driving voltage. The feature size of 2 µm limited
the number of comb fingers to one finger per 8 µm comb length. Tree-like struc-
tures with several branches of combs were used to increase the number of fingers.
The force contribution which is linear with driving voltage arises from the energy
minimisation by increasing the overlap between opposing fingers. Dimensions
along the actuator axis should be kept short to maintain the required bending
stiffness of the moving actuator backbone. Therefore, the distance between the
finger ends and the opposing comb plate is finite. Consequently, a force is con-
tributed by the segments at the finger ends (parallel plate) and the fringing fields
which are non-linear with driving voltage. Bumper structures and dimples limit
the maximum displacement to prevent stiction in-plane and out-of-plane during
release etching and during operation (pull-in).

Electrostatic actuation avoids temperature issues caused by Joule heating in Advantages
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Figure 3.14: SEM image of an electrostatic comb-drive for tensile loading of CNTs.

thermomechanical actuation. This renders the temperature the nanotube more
predictable. Besides the small capacitive currents flowing only during displace-
ment changes, there is no static power consumption in principle. Therefore, elec-
trostatic actuation is compatible with cryostatic temperatures where the heat in-
put of Joule heating would corrupt low-temperature measurements. DrawbacksDisadvantages

of electrostatic drives are the typically high voltages needed. The designs presen-
ted here were operated in a range up to 190 V, while the electrothermal actuat-
ors achieve comparable displacements in the single digit Volt regime – but at
mA-currents. The high voltages for electrostatic actuation can cause unpleasant
image shifts during in situ experiments in electron microscopes.

Catalyst island definition by e-beam lithography and catalyst adsorption re-Mechanical
Stability quire the MEMS structures to be immersed in viscous media. While the electro-

thermal actuators are robust, sufficient mechanical stiffness was more difficult to
obtain for electrostatic comb drives. A compromise between acceptable actuation
voltage and mechanical robustness had to be found.

3.4.3 Electrical decoupling from actuator driving voltages
Electrical insulation is needed to avoid cross-talk from the actuator drivingElectrical

Decoupling voltage to the electrodes of the nanotube. For electrothermal actuators, the driv-
ing voltage Vact was applied as +½ Vact and −½ Vact (anti-symmetric) [212, 275]
which kept the actuator backbone at virtual ground1. Fabrication asymmetries
may slightly shift the potential at the actuator backbone from ideal ground. To a
minor extent, the Thomson effect [212] pp.67 also causes asymmetry.

Figure 3.15 shows an approach used to electrically isolate the actuator fromApproach 1:
Oxide Spacer the nanotube support electrode. The schematic cross section of the electrical de-

coupler illustrates the sandwich structure. Two plates of poly-Si were mechanic-
ally connected by insulating SiO2 . The SiO2 stems from the sacrificial oxide. Its
etching was retarded by sandwiching the 0.75 µm thin oxide layer between exten-
ded plates. The lower plate was spaced from the substrate by a thicker SiO2 of
2 µm thickness. A time-dependant etch of 3 min in 40% HF fully removed the
thicker oxide, while the thinner oxide remained at the centre part between the

1 For the practical reason of measuring the full Vact at a single Keithley SourceMeter 2400, the refer-
ence potential of the SourceMeter was set to -½ Vact using a second voltage source.
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3.5 TEM-accessibility of suspended SWNTs devices

plates. The etching path for the thinner oxide at the step onto Poly1 (highlighted
by an arrow in Figure 3.15a) was prolonged vertically and was even slightly thin-
ner than 0.75 µm. The 2 µm additional vertical oxide of reduced thickness helped
to maintain the mechanical SiO2 link during the release of the thick SiO2 layer.
Test structures of different sizes placed next to the device structure enabled veri-
fication of release timing1. The undercuts ensured electrical isolation to be main-
tained during blanket metal evaporation at tilted sample rotation.

A second approach to decouple the actuator driving voltages from the nano- Approach 2:
Poly-Si Gaptube drain is shown in Figure 3.16. The mechanically connected actuator and

the drain electrode were electrically separated by a discontinuity in the metal-
lisation. A poly-Si bridge spanning across the mechanical connection between
actuator and drain electrode patterned the evaporated metal by its shadow. The
rough surface of the poly-Si is supposed to cause the observed electrical connec-
tion of the bond wires with the underlying poly-Si, even if the native oxide was
thickened by heating above 600 °C in air for 15 min and using 100 nm thick met-
allisation. To suppress any DC cross-talk from Vact to the drain electrode via the
poly-Si, the poly-Si lead to the drain was interrupted by a gap. The electrical path
to the drain is given across the gap solely via the metallisation. In addition to the
thin SiO2 , an insulating oxide layer (40 nm Al2O3 by ALD at 300 °C) prevented
shorts from the metal to the poly-Si.

Compared with the isolation approach by non-conductive glue [203], the here Discussion

presented decoupling requires only standard processing steps.
Micro actuators apply tensile strain on the integrated nanotubes. Electro- Summary

thermal actuators and electrostatic actuators featuring appropriate displacement
ranges were designed to withstand the wet processing steps during release etch,
and during catalyst patterning in case of shadow masking. The driving voltage
is electrically decoupled from the nanotube drain. Mechanical transmission rods
enable placement of actuated tip pair arrays close to the edge of the die.

3.5 TEM-accessibility of suspended SWNTs devices
Transmission electron microscopy (TEM) (Appendix B.2.1) can provide informa- Motivation

tion about individual nanotube devices not obtainable by SEM or Raman spectro-
scopy. The main difficulty in sample preparation for TEM is the requirement for Challenge

electron beam transparency. The thinness and the low atomic number of SWNTs
demand a very thin support or even better a suspended configuration without
any obscuring support at the region of interest. Even background contribution of
thin supports can severely deteriorate contrast of single-walled nanotubes.

Notches were etched from the front side within the standard PolyMUMPs mi- Solution

1 Proper release of the thick oxide is indicated if the suspended dummy decoupler moves upon
lateral pushing by a probe needle or by a manually controlled AFM tip. Hard pushing elastically
deforms the plates in the periphery where they are not connected by the thin SiO2 . Thus, the size
of the remaining SiO2 joint can be visualised in light microscopy as a planar centre area of the plate
stack under heavy deformation. Over-etching of the thin oxide is observable as rotation of the two
plates towards each other or as non-joint movement of the plates.
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Figure 3.15: Concept A of an electrical decoupler. The actuator side is electrically discon-
nected by the remaining thinner layer of sacrificial oxide. (a) Cross-sectional sketch
before release etch. (b) Top view. (c) After timed release etch in concentrated HF, cross
section. (d) Top view. (e) SEM image of decoupler in inclined view. (f) Close-up of
decoupler plates. (g) Optical image of test structures for mechanical verification of
full release of thicker oxide layer and remaining thinner layer (middle). For the larger
plate (left), thick oxide still remained, as schematically illustrated by the black dot. The
smaller plate (right) was over-etched as indicated by the slight rotation. (h) Close-up
of the test structures for release etching before pushing.
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Figure 3.16: Concept B of an electrical decoupler. (a) Cross-sectional sketch. The actuator
side is electrically disconnected by a gap in the metallisation created by a bridge with
undercuts. Al2O3 from ALD ensures electrical isolation to the poly-Si. Probably due
to the rough surface of the poly-Si bond pads, wire bonds can penetrate the oxide
and connect to the poly-Si. Therefore a gap in the poly-Si (highlighted by an asterisk)
is needed to prevent cross talk from the actuator to the drain. The actuator and the
flexible spring to the drain electrode of the pulled nanotube are not shown in detail
for simplicity. (b) SEM image in inclined view of the bridge which interrupts the the
metallisation. (c) Additionally, a gap is interrupting the poly-Si for electrical separation
of the metal layer from the poly-Si. This is needed because the wire bonds connect to
the poly-Si. Across the gap, the current is carried by the metallisation on the insulating
silicon nitride.

crofabrication. Electron beams slightly tilted from being parallel to the chip sur-
face can interact with the integrated nanotube. The notches lead into the dicing
path and allow the electron beam to be transmitted un-attenuated.

In the following, SEM (Appendix B.2.3) and Raman spectroscopy (Appendix Content

B.2.5) are briefly revisited as characterization methods complementary to TEM.
Options for transmission beam access are discussed and the fabrication scheme
for the tilted-view access is described.

Confocal Raman spectroscopy is a powerful characterization method for nano- TEM vs.
Ramantubes, especially if the nanotubes are free-standing as in the configurations

here. As the trenches (or gap between the electrodes respectively) are at least
2.25 µm deep, the confocality at a depth of focus of about 1.5 µm can efficiently
exclude signals from the underlying substrate. Valuable information about de-
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fects and amorphous carbon can be gathered from the D-mode intensity. Raman
spectroscopy can reveal the diameter of integrated nanotubes if they are close
enough to resonance conditions to allow RBM detection. In some cases chiralit-
ies can be assigned. Metallic and semiconducting nanotubes can be distinguished
by the line shape of the G-mode. Bundles can be detected if different RBMs are
recorded. However, bundles cannot be excluded using a single laser line as the
RBM resonance conditions may be missed. Although interactions between the
walls of double-walled nanotubes alter their spectroscopic signature in principle,
the inner or the outer wall can be excited and can contribute to a single RBM peak.
Interpretation concerning the number of nanotubes and the number of walls is
difficult. The position of the nanotube can only be coarsely estimated, due to the
diffraction limited spatial resolution (spot size 400 nm).

Scanning electron microscopy (SEM) enables precise visualisation of the loca-TEM vs. SEM

tion of the nanotube. Inclined views (stage tilt, and/or pre-tilted sample mount-
ing) allow an estimation of the horizontal position. For instance, a nanotube can
be identified to span from the top surface electrode down to the sidewall of the
opposing electrode.

To highlight the benefits from fabricating samples accessible by transmission
beams, the information which can be provided using TEM and scanning trans-
mission electron microscopy (STEM) beyond the capabilities of SEM is listed.
TEM imaging mode:

• number of nanotubes in a bundle
• diameter from electron-optical image
• distinction between single and multi-walled tubes
• grain sizes of metal contacts
• deformation of nanotubes at contacts
• more precise visualisation of contamination
• imaging of nanotube ends: open or capped; kinks; catalyst shape

TEM in diffraction mode:
• chiral angle from layer line spacing
• diameter from equatorial line
• unambiguous chirality assignment for straight, aligned SWNTs of small dia-

meters (< ~3 nm) (tentative for larger diameters as differences in d and θ

shrink with larger d)
• verification of continuity of chirality along nanotube (100 nm nanotube

length is enough for a diffraction pattern)

A sample compatible with TEM can also be investigated by Cs-corrected STEM
(Appendix B.2.4), which enables following options:

• enhanced spatial resolution
• chemical analysis by electron energy loss spectroscopy (EELS) and energy-

dispersive X-ray spectroscopy (EDX) of contacts (oxidation) and catalysts
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• (SE detector facilitates finding of region of interest)
• 3D tomography

In summary, the higher resolution achievable by TEM and STEM compared to Conclusion

SEM provides information about diameter, number of nanotubes and contact geo-
metry. TEM electron diffraction is one of the most reliable chirality assignment
methods. Electron diffraction unambiguously discriminates between single- and
double-walled CNTs. STEM opens possibilities for enhanced spatial resolution
and chemical mapping at the nanoscale. For those reasons, it is very valuable to
enable electron beam transparency of functional devices.

3.5.1 Options for TEM-accessibility
As presented in Section 2.5, there are different options to allow transmission Through

Holesbeam investigations of nanomaterials in microfabricated devices. The most com-
mon one is by wafer through holes. A mask is aligned on the back side and holes
penetrate the wafer by etching from the back side. The 650 µm thickness of the
PolyMUMPs die prohibits infrared back side alignment. As the standard die size
of PolyMUMPs is only 2 mm× 2 mm, at a maximum die size of 10 mm× 10 mm,
alignment by a back side camera is not feasible using our current chuck of the
mask aligner. Moreover, the 600 nm silicon nitride (front and back side) would
need to be removed during the PolyMUMPs process itself as done by Espinosa
et al. [204]. This special request would impose high costs as front side Si nitride
etching is not available in the standard process flow. We demonstrated removal
of the nitride by focussed ion beam (FIB) milling from the front side. However,
this is a time-intensive serial process. Large area etches are needed at the back
side (as the upper limit of aspect ratio during inductively coupled plasma (ICP)
etching of 650 µm Si and the back side misalignment impose a lower limit to the
hole size). Instead, a hard mask for etching on the back side could be patterned
by electron beam lithography. In general, the size of through wafer holes has
to be sufficiently large to account for limited aspect ratio during etching and for
potential misalignment. Large hole sizes can impose design restrictions as an-
chors to the substrate can not be placed in the area occupied by the hole. Com-
bined coarse etching from the back side and fine etching from the front side [241]
was applied by A. Pohl [276] using the buried SiO2 layer of an SOI wafer as etch
stop. Micron-scale trenches in membranes of crystalline material were fabricated,
enabling combined investigations of as-grown nanotubes by AFM, Raman and
TEM [276]. In any case, a many-step process involving back side alignment and
through wafer etching is needed for through holes.

J. Meyer et al. clamped nanotubes by metal leads patterned by electron-beam Wet Etch at
Edgelithography and lift-off. To enable TEM investigations, the die was cleaved close

to the device and bulk etching removed the substrate underneath the device
[52, 69, 70]. Using this method, Meyer demonstrated an electrostatically driven
torsional nanotube pendulum [52]. This concept might be adapted to incorpor-
ate MEMS actuators for tensile loading too. For instance by a wide, mechanically
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rigid beam that is electrostatically deflecting a narrow, parallel beam attached to
a nanotube under test. However, the nanotube and its electrical contacts have to
be exposed to KOH etchant for several hours and careful drying is needed – both
are potential causes of contamination.

3.5.2 Tilted-view transmission electron microscopy
The method used here to integrate SWNTs into poly-Si micro actuators accessibleTilted-View

for transmission beam investigations is as follows, and was published in [103].
As depicted in the cross-sectional sketches of Figure 3.17b and c, the electron
beam must penetrate the nanotube without being absorbed by the substrate. ToCloseness to

Edge achieve TEM-accessibility without the need for wafer through holes or bulk wet
etching, the nanotube is located close to the edge of the die (25 – 200 µm from the
edge). The nanotube is suspended between support structures slightly elevatedElevation

above the substrate level (3.5 – 6.75 µm). The nanotube can be reached by the
transmission electron beam by irradiating the die nearly parallel to the substrate
surface. As shown in Figure 3.17b, the vertically mounted substrate is slightly
tilted off the coplanar orientation to the beam. Hence, electrons can interact with
the nanotube without being stopped by the substrate. Here, this inclined obser-
vation configuration is called tilted-view TEM.

To allow for larger tilting angles without blocking the electron beam by theNotch

edge of the die, the substrate was etched from the front side. Also shown in Fig-
ure 3.17a and d, the notch starts near the position of the nanotube. The notch con-
tinuous towards the edge of the chip and reaches the dicing path. The notch was
etched by several front side etching steps already available in the PolyMUMPs
process. The overlay of the two anchor etches, the via etch, and the dimple etch
dug through the 600 nm silicon nitride into the Si handle. The depth of the res-
ulting notch was ~4.5 µm. Neglecting the original purpose of all these etching
masks, the notch was formed in parallel to the MEMS fabrication without any ad-
ditional processing effort. Standard manual dicing with a 30-µm-wide, diamond-
coated blade reliably achieved the ±25 µm precision needed to avoid damage of
the structures close to the edge of the die.

The tilt angle α of the TEM sample holder has to be adjusted carefully, or elseTilt Range

the nanotube becomes hidden either by the closer edge or by the far edge of the
die. If the tilt is inappropriate, clipping can occur in electron diffraction pattern,
as shown in Section 4.4. At a distance from the edge of 165 µm and at an eleva-
tion of 4.25 µm above the substrate level, the notch increases the angular range
of accessibility from α = 1.5° to 3.0°, provided the nanotube is lying on top of
the support structures. For other designs as close as 25 µm from the edge and at
6.75 µm elevation, the accessible range is increased from 15° to 24° by the notch.
In the other tilt direction (β-tilt), the sharp opposing tips allow for widely unres-
tricted access.

Alignment of the SWNTs to the TEM focal plane is facilitated by nearest neigh-Focal Plane

bour alignment (3.2.3) occurring at the sharp opposing tips. The opposing tips
are aligned parallel to the close edge of the die. However, the growing nano-
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tubes were preferentially aligned in the focal plane by nearest neighbour attach-
ment. Thus, the nanotubes were often aligned nearly perpendicularly to the
beam, which is important for electron diffraction (B.2.2). Moreover, the sharp tips
can be partially penetrated by electrons at the thin apex, which enables imaging
nanotubes in contact with the poly-Si. The tips also simplify coarse focusing and
the adjustment of the eucentric height. The tilted-view TEM images are nearly Side-View

90° rotated with respect to top-view SEM images. Hence, this TEM side-view
can reveal relevant geometrical information about the nanotube not seen in SEM
images taken in top-view only.

Related work
J. Meyer introduced an approach called „Isotropic underetching near the corner“ At Edge

[70] p.29, which is very similar to what is called tilted-view TEM here. Wet etch-
ing releases clamped nanotubes, and those nanotubes very close to the edge
of the substrate can be observed in TEM. However, only nanotubes as close as
1 – 2 µm to the edge were accessible. Etching after the integration of the nano-
tubes exposes the nanostructures to etchants and requires critical point drying to
prevent damage. Here, accessibility is ensured by raising the nanotubes higher
above substrate level and by etching a notch towards the well defined location of
the dicing edge.

In 1999, A. Cassell et al. [137] showed TEM images of SWNTs grown between Pillar Arrays

arrays of microfabricated towers. Similarly, Takagi and Homma et al. [242, 277]
imaged SWNTs grown on large arrays of 360 nm-high pillars. The substrates
were cleaved and mounted nearly vertically (tilted by a few degrees) into a TEM.
SWNTs suspended between the pillar rows in the vicinity of the cleaved edge
were accessed by the transmitted electron beam. However, to enable characteriz-
ation of functional SWNT integrated in MEMS devices, control over the position
of the edge is needed, which is difficult to be achieved by cleaving Si substrates.
Unless using mechanical transmission rods (3.4.1), the restriction in accessing
only the outermost edge of the chip must be overcome to provide enough area
for actuators or inertial masses.

In previous work by A. Jungen, electron transparency was obtained by sliding Sliding

large micromachined grids [264] and actuator structures [211] beyond the edge
of the chip. This imposes limitations on MEMS design as mechanical anchoring
of actuators is difficult under the constraint that the structures must be moved.
Moreover, the reliability of electrical connections to the relocated actuator tends
to be poor at larger currents.

Inclined observation by SEM enabled observation of the deflection of suspen- Tilted SEM

ded nanotubes upon gating, as demonstrated by Weng et al. [278].

Compatibility of the shadow mask with tilted-view TEM
Important for TEM accessibility of samples with on-chip shadow masks (3.2), the Mask

mask must not hide the nanotube from the electron beam. For nanotube locations
close to the edge of the die, retracting the mask is sufficient to allow electron beam
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Figure 3.17: Access to functional nanotube devices by TEM in tilted-view. (a) SEM im-
age with a sketch of a SWNT on a MEMS actuator. The TEM beam is represented by
two parallel arrows passing through the nanotube close to the surface of the chip. The
notch is fabricated by overlaying front side etching steps which penetrate the substrate
for more than 4 µm. The insets show the two polysilicon tips facing each other. A nano-
tube (schematically represented by the dashed line in the lower inset) bridges between
the poly-Si tips and is elevated above the substrate. (b) Cross-sectional sketch of the
vertically mounted die allowing for electron beam access to nanostructures located on
centre area of a MEMS chip. The notch towards the edge of the chip enlarges the ac-
cessible angular tilting range. (c) Cross section of the die in perspective representation.
(d) Low-magnification TEM image in tilted-view. At the tilt angle of 2°, the opposing
poly-Si tips become visible (side-view). Direction of view corresponds to the black
arrow in b. (e) Top-view SEM image of a SWNT spanning across the sharp poly-Si
support tips. The metal clusters on the nanotube originate from shadow masked met-
allisation (2 nm Cr/60 nm Au). More detailed TEM images of this nanotube are given
in Figure 4.1a. The nearest neighbour alignment preferentially orients the nanotubes
in the TEM focal plane. Reprinted from [103]. © Elsevier B.V., 2009.
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Figure 3.18: SEM images of shadow masks compatible with TEM observation in tilted-
view. (a) Vertically moved shadow mask slider with extended retraction range to en-
large the angular accessibility for the transmissive beam. (b) Horizontal movement of
the shadow mask slider. White arrow indicated sliding direction. The slider does not
need to be retracted for TEM accessibility. (c) Parallel oriented slider with horizontal
off-set. Parts are reprinted from [101]. © Macmillan Publishers Limited, 2010.

access. For positions far from the edge, and in general to enlarge the angle of ob-
servation, the movable range of the shadow mask slider was extended, as shown
as comparison in Figure 3.18 a and b. Larger retraction distances are needed if the
shadow mask bends upwards due to the bimorph-like effect of thick metal layers
featuring intrinsic stress on top of the poly-Si shadow mask finger. Alternatively,
to extended retraction ranges, the slider can be placed laterally beside the beam
path, as shown in Figure 3.18c and d for two variants. The mask is short enough
in direction of the beam not to block the electron path while resting above the
nanotube. The design shown in 3.18d is slid perpendicularly to the nanotube
axis and offers more precise alignment compared to c.

For tilted-view TEM observation, the die has to be mounted vertically into the Vertical
Mountingsample holder. Standard Cu platelets (3.05 mm in diameter and 50 µm thick, from

Gilder) with rectangular openings (2 mm× 0.75 mm) were used as support. A
drop of electrically conductive silver-epoxy glue (EPO-TEK® H20E, from Epoxy
Technology) was placed next to the opening of the Cu platelet using a thin Cu
wire. The chip was gripped by tweezers and rotated by 90° into vertical posi-
tion, as sketched in Figure 3.17b. The down-facing sidewall was pressed onto the
epoxy glue, while centring the edge of the die to the middle of the opening in the
Cu platelet. The epoxy glue provides secure mechanical fixation and electrical
conductivity. Electrical conductivity is required to dissipate charges which accu-
mulate during electron microscopy. A heat treatment on a hotplate at 125° for
20 min cured the epoxy glue. A dummy droplet served as a reference to monitor
the hardening. To prevent the die and the copper support from being glued inad-
vertently to the microscope slide used as a carrier, the Cu support was placed on
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Figure 3.19: (a) Sketch of a vertically mounted die wirebonded to the PCB for in situ TEM
experiments. (b) Optical image of a vertically mounted die wirebonded for the CM12
TEM holder with electrical feedthroughs (nearly top view).

a cleanroom tissue. Two additional microscope slides weighed the tissue down
to counteract buckling of the tissue during heating.

Wire bonds connected the micro actuators for mechanically straining the nano-Wire Bonding

tubes inside the electron microscopes. The driving voltage of the actuator wasTEM-
compatible supplied via the electrical feedthroughs of dedicated TEM sample holders, as

described in Appendix B.2.1. In situ actuation allowed investigation of clamping
conditions (5.3.1) and straightening of nanotubes required for electron diffraction
(5.3.1). The vertical mounting of the chips for tilted-view TEM requires the wire
bonding to be adapted. The bond wire must connect the horizontal Au leads of
the PCB with the vertical bond pads of the die. First, the die was glued tempor-
arily in horizontal orientation onto a dummy PCB using silver paste. The wire
was bonded to the dummy PCB, but the bonding parameters were detuned to-
wards too high bonding weight at the first bond. Thus, the wire was ruptured off
the PCB after loop formation while moving the bond head backwards at search-
height. The freestanding wire was attached only at the head and was bonded
onto the bond pad of the die. Using tweezers, the die with the single-clamped
wires was detached from the dummy PCB, was rotated by 90°, and glued in ver-
tical orientation onto the target PCB. Figure 3.19 shows a spacer die, secured
with epoxy glue in advance, which facilitated placement of the die surface near
the centre of the hole. The PCBs had been sputter-coated with 120 nm chromium
(Cr) from both sides to reduce image distortions otherwise appearing due to char-
ging of the insulating material. Kapton® tape shielded the Au leads of the PCB
from Cr deposition.

Conclusions on tilted-view TEM access
Integrated, as-grown SWNTs become accessible by transmitted electrons withoutSummary

the need for wafer through holes. Exploiting the standard MEMS fabrication pro-
cess steps (PolyMUMPs), the nanotube support structures are raised above sub-
strate level and a notch is etched on the front side towards the edge of the die.

72



3.6 Passivation of electrical contacts

Figure 3.20: SEM image of an encapsulated Pd contact to a SWNT. Surface-selective
atomic layer deposition (ALD) of Al2O3 nucleates conformally on the contacts but not
on individual, clean, and defect-free SWNTs. Reprinted from [1]. © Wiley, 2010.

Compared to cleaving, the location of the dicing edge is well defined. Accessibil-
ity to functional devices farther from the edge is ensured.

3.6 Passivation of electrical contacts
In this section, a process to encapsulate the contacts of suspended nanotubes is Encapsulation

described. Depending on contact materials, passivation of electrical contacts can Objectives

be needed to prevent contact degradation. T. Helbling et al. achieved long-term
electrical stability of Au/Cr contacts via an encapsulation made of Al2O3 from
atomic layer deposition (ALD) [89]. Importantly for understanding chemical
sensing, passivation can separate sensing mechanisms related to metal contact
regions from those related to the SWNT channels [54, 279].

Encapsulating the metallic contacts is challenging for suspended SWNTs. For Challenge

surface-bound devices, selective encapsulation of contacts was achieved by an
Al2O3 passivation layer into which windows were etched patterned by EBL [54,
279]. But such resist-based shaping can hardly be applied for suspended SWNTs,
as individual freestanding SWNTs are prone to rupture during spin coating of
resists. The risk of mechanical damage is especially pronounced if the nanotubes
are several micrometres long [22]. Moreover, the cleanliness of the nanotubes
maintained so far would suffer from wet chemical treatments during lithography
and etching.

Figure 3.20 shows selective nucleation of an Al2O3 passivation layer applied Solution

here to enable encapsulation of the Pd contacts to a suspended SWNTs only,
while leaving the suspended part of the nanotube open to the environment [1]. Surface-

Selective
ALD

The surface-selective ALD approach does not expose the SWNTs to wet-

Advantage
chemistry and eliminates the need for resist-based patterning. Therefore, resist
contaminations during passivation are avoided.

Atomic layer deposition is a method where two precursor gases are altern- ALD

ately adsorbed on the substrate. Each cycle will result in a chemical transform-
ation of exactly one adsorbed layer. Controlling the cycle number is effective
in controlling the thickness of the deposited material. ALD provides conformal,
pinhole-free [280] layers deposited at low temperatures [281]. Conformity and
tightness are considered to be important to prevent the oxidation of contacts. For
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3 Fabrication: Ultraclean, TEM-compatible CNFETs integrated into MEMS

metallic contacts, it is beneficial that the deposition temperature for the encapsu-
lation process is low (here, down to 110 °C). ALD can be free of any exposure to
plasma, which otherwise would be harmful for the carbon nanomaterial. ALD
layers are known not to grow on clean and defect-free SWNTs [185, 189, 282, 283],
while growth nucleates on substrates, on functionalised SWNTs and on multi-
walled carbon nanotubes (see references in [1]). On SiO2 and on metal surfaces,
ALD is initiated by chemisorption of precursor gas molecules. Because defect-
free SWNTs are chemically inert and dangling bonds are absent, nucleation of
ALD layers is inhibited on the surface of carbon nanotubes [282, 283].The growth
starts on the substrate or on the contact. The layer grows onto the SWNT, but the
interaction between SWNTs and the dielectric encapsulation is rather of van der
Waals type than covalent bonding. Scattering due to interface states and struc-
tural deformation is probably low for atomic-layer deposited materials such as
Al2O3 , HfO2 [283, 284] and ZrO2 [284].

ALD of Al2O3 was carried out in a Picosun Sunale R-150B system by sequen-Equipment

tially pulsing trimethyl aluminium Al(CH3)3 and H2O as precursor gases. N2
served as carrier gas. Deposition temperatures ranged from 110 °C to 300 °C.

Encapsulation of electrical contacts to suspended SWNTs is patterned resist-Summary

free by surface-selective nucleation of atomic-layer-deposited Al2O3 . The suspen-
ded, individual, clean and defect-free SWNTs remain non-encapsulated, which is
required for chemical and strain sensing as well as for resonator applications.

3.7 Conclusions on Fabrication
The process flows presented in this chapter for integration of suspended SWNTsContacting

As-Grown
CNTs

prevent mechanical damage and contamination by residual resists.
Shadow masking allows the electrical integration of clean, suspended nano-

Stencil
Lithography tubes into micromachined actuators. Nearly any material can be chosen for the

contacts as the metallisation is applied after nanotube synthesis. The needle-like
apexes of the contacts are self-aligned to the nanotube.

As an alternative approach, transfer of nanotubes from a fork structure im-Transfer

proves three major issues. (i) Pre-aligned nanotubes can be placed at the target
location, without the need of precise control over the number, position, and dir-
ection of nanotubes during growth. The nanotube area density can be tuned on
separate growth substrates without wasting MEMS devices. Insufficiently long
nanotubes are discarded as well as those growing in wrong directions. The gate
distance can be reduced as only long nanotubes are placed: The risk, present in
direct growth, that downwards growing nanotubes short circuit to the gate is ex-
cluded. (ii) The device die can be kept at low temperatures as only the growth
die with the fork needs to endure the nanotube synthesis conditions. This opens
a way for monolithic integration of readout circuitry or the use of polymer sub-
strates. (iii) Selection of a specific nanotube out of an ensemble is enabled.

MEMS actuators can provide mechanical loading of clean, suspended nano-Actuators

tubes. The design is stiff enough to prevent stiction during the wet processing
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steps of catalyst patterning. For mechanical tests, arrays of opposing tip pairs
can be driven by a single actuator.

Vertically mounted samples allow TEM investigations on nanotubes integrated TEM
Accessibilityin MEMS supports, which can be actuated in situ. Electron beam access is

provided via a notch reaching into the dicing edge. Notch formation by existing
front side etching steps of the MEMS fabrication process replaces back side mask
alignment and back side patterning. Sharp poly-Si tips can guide the alignment
of nanotubes during their waving growth. Thus, the nanotubes preferentially lie
in the focal plane of the microscope – and are aligned to the direction of displace-
ment. The nanotubes are sufficiently elevated above the substrate to allow for
confocal Raman spectroscopy with low background contribution.

A dry process aiming at passivation of the contacts is demonstrated to cover Encapsulation

the contacts while leaving the suspended, clean and defect-free nanotube section
unaffected. This resist-free patterning relies on the surface-selective nucleation
of atomic-layer-deposited Al2O3 , and it is conducted at moderate temperatures.

SWNTs are integrated in a suspended transistor configuration into devices Summary

equipped with microfabricated tensile stages. The complete process flow is op-
timized for cleanliness: Electrical contacts and their passivation are patterned
without contamination-prone resist-based lithography. Two alternative nano-
tube integration processes are utilized: (1) On-chip shadow masking forms self-
aligned, nano-tapered contacts to the as-grown nanotube, without exposing the
metallisation to the harsh growth conditions. (2) Contamination-free transfer
from a fork opens possibilities for nanotube selection and ensures nanotube place-
ment exclusively at the predefined location. The device die is kept permanently
at moderate temperatures which paves the way for monolithic integration. The
functional nanotubes are accessible by TEM, which enables counting of the num-
ber of nanotubes, and of their walls, and allows chirality measurements by elec-
tron diffraction. The actuators can be driven inside the TEM to investigate the
nanotube clamping conditions.
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4 Characterisation: Ultraclean,
suspended CNFETs

In this chapter, TEM imaging of integrated nanotube devices and chirality assign- Content

ment by electron diffraction is presented. Hysteresis-free operation of ultraclean,
suspended nanotube field-effect transistors is shown for both fabrication meth-
ods – on-chip shadow masking and direct transfer from a poly-Si fork. Electrical
influences of passivation are investigated. Table 1.1 (Section 1.4) lists the different
samples and highlights the achievements. Parts of this chapter were published
in Nature Nanotechnology1 [101, 285] and elsewhere [1, 2, 102–104, 286].

4.1 TEM imaging of integrated nanotubes
Nanotubes were directly grown on poly-silicon MEMS structures (Section 3.2.3). Imaging

Integrated
SWNTs

As described in Section 3.5, accessibility by transmissive electron beams is
provided via tilted-view. The beam passes along the slightly inclined chip sur-
face, interacts with the nanotube which is suspended few micrometres above the
substrate, and reaches the detector via a notch towards the nearby dicing edge of
the die. Figure 4.1a, published in Sensors and Actuators B [103], shows a TEM im-
age of an integrated nanotube spanning the gap between sharp micromachined
poly-Si tips of a micro actuator (Sample #ed1). The actuator design is the same
as the one shown in Figure 3.17a. The nanotube was grown by ferritin-based Fe-
catalysed chemical vapour deposition and a top-view SEM image was shown in
Figure 3.17e. Although the SWNT spanning the tips is located 165 µm away from
the edge of the die, the notch enabled TEM imaging at an accessible tilt range of
2.5°. Thus, the geometry of metal contacts to nanotubes can be investigated and
the absence of SWNT bundles can be confirmed. The diameter d was measured
from the bright field image to be 2.27±~0.1 nm.

As shown in Figure 4.1a and more pronounced in Figure 4.1b, the sharp tail Substrate
Interactionsof the polysilicon tip becomes thin towards its apex – sufficiently thin to be pen-

etrated by electron beams at 100 keV. This way, TEM images can be collected of
SWNTs in interaction with the substrate. For the SWNT of Figure 4.1c, a diameter
of ~2.6 nm was derived in the freely suspended section whereas the imaged dia-
meter increased to ~2.7 nm in the polysilicon-supported section.

Widening of the apparent diameter indicates radial deformation of the nano- Discussion

tube by interactions with the substrate. Hertel et al. [199] predict 13% radial com-
pression of a 2.71-nm SWNT due to van der Waals forces. The increase in lateral

1 see footnote at Section 3 for details about ownership of copyright
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4 Characterisation: Ultraclean, suspended CNFETs

dimensions by 7% (~2.9 nm) is of the same order as the here estimated ~4%. Ima-
ging the thinned side face of the tips (Figure 3.6) by tilted-view is not only an
enabling platform to investigate growth catalyst nanoparticles but it may also
be a beneficial approach to prepare thin or pre-thinned samples for TEM in gen-
eral. Cumbersome ion milling by focused ion beam and demanding lift-out of
TEM lamellae might be bypassed. Most importantly, the nanotube device can be
investigated without the risk of artefacts originating from sample preparation.

4.2 Chirality assignment by electron diffraction
TEM electron diffraction [6, 95, 97] (Appendix B.2.2) was applied to assign the
atomic structure of integrated SWNTs. As for imaging, the suspended nano-
tubes were accessible for transmissive beam investigations using the tilted-view
approach (Section 3.5) [103, 286].

Chirality assignment to nanotube integrated onto microactuator
Electron diffraction of the same individual SWNT shown in Figure 4.1 was per-Electron

Diffraction formed [103] (see theory and instrumentation B.2.2 and experimental A.2). The
diffraction pattern is shown in Figure 4.2a. Figure 4.2b shows the comparison
to a simulated diffraction pattern [95] of a (17,17) nanotube. The chiral indices
(17,17) were unambiguously assigned to the integrated nanotube as summarised
in Table 4.1. The indices (17,17) correspond to an armchair-type nanotube with
a calculated diameter of 2.305 nm. The armchair nanotube is expected to exhibit
metallic electronic properties in absence of torsional deformation.

The chiral angle θ was measured from layer line spacings of the diffractionUnambiguity

pattern to be 30.0° +0°/-0.2° (Appendix B.2.2, Equation B.22). Alternatively to
(17,17), a (17,16) or an (18,17) nanotube would be closest with respect to chiral
angle (29.00° and 29.06°) for a similar diameter. The 1° deviation from 30° would
result in a rotation of both hexagons of diffraction spots in opposite directions.
The splitting of the layer lines of a (17,16) nanotube is shown in the simulation
of Figure 4.2c. Intensity profiles lines perpendicular to the layer line (averaged
over a width of 70 pixels) are shown as insets in Figure 4.2c. The experimental
intensity shows a single peak only. This confirms the chiral angle of 30° 1.

The closest alternative chiralities with θ = 30° would be (16,16) and (18,18) withDiameter

diameters of 2.170 nm and 2.441 nm respectively. Figure 4.3a shows the measured
intensity profile of the equatorial line in comparison to the simulated intensity
profile for (17,17). Figure 4.3b shows the same experimental data compared with
simulations for (16,16) and (18,18) nanotubes. The simulated equatorial line for
(17,17) matches best2. The diameter of 2.27±~0.1 nm measured in bright fieldd from TEM

image
1 The splitting due to +1° and −1° rotation would correspond to ~2% (~15 pixel) of the layer line

spacing from the equatorial line (736 pixel on the image plate) which would be observable (the in-
tensity profile had a full width at half maximum of 11 pixel). Compared to these <1100> diffraction
spots, the splitting would be more pronounced for the higher diffraction spots <2110>, as indicated
by black dots in Figure 4.1c.

2 Diffraction aberration and nanotube inclination can impair the assignment and must be corrected
carefully.
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4.2 Chirality assignment by electron diffraction

Figure 4.1: Bright field TEM image showing a (17,17) SWNT integrated on polysilicon sup-
ports (Sample #ed1). The arrows point to the nanotube. The metal deposits originate
from Cr/Au evaporation. The inset shows a close-up of the SWNT and the Cr/Au
contact (dark). The amorphous carbon contamination around the nanotube and the
metal deposit was mainly induced during observation. The dotted rectangle indicates
exemplarily a region similar to the one given in (b) showing a TEM image of the side
face of the poly-Si tip which thins down towards the right. It becomes sufficiently thin
to allow imaging SWNTs and catalyst nanoparticles in interaction with the substrate.
Solely standard photolithography-based processing was applied for tip structuring.
All lithography and etching steps were completed before nanotube growth. (c) TEM
image of a freestanding SWNT reaching the polysilicon support at the right hand side.
Adapted from [103]. © Elsevier B.V, 2009.

TEM imaging matches reasonably well to the theoretical diameter d = 2.305 nm
of a (17,17) nanotube. The TEM images support the assignment of (17,17) based
on electron diffraction.
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4 Characterisation: Ultraclean, suspended CNFETs

Figure 4.2: Electron diffraction of the integrated SWNT shown in Figure 4.1. (a) Experi-
mental electron diffraction pattern recorded at 100 kV, 30 µm condenser aperture, 300 s
exposure time on imaging plate. (b) Comparison of experimental diffraction pat-
tern (left, increased contrast) with simulated diffraction pattern of a (17,17) nanotube
(θ = 30°, d = 2.305 nm). (c) Comparison of experimental diffraction pattern (left, inver-
ted contrast) with simulated diffraction pattern of a (17,16) nanotube. Intensity pro-
files perpendicular to the layer lines are shown as insets. The chiral angle of 29° for
the simulated (17,16) nanotube results in a splitting of the layer lines, which would
correspond to 15 pixels on the image plate. Black dots indicate the more pronounced
splitting for the counter-clockwise rotated diffraction spot and its clockwise rotated
counterpart. Code for diffraction simulation was provided by Ph. Lambin [95] and
implemented for MATLAB® by C. Roman. Adapted from [103]. © Elsevier B.V, 2009.

Table 4.1: Comparison of experimental data with theoretical chirality candidates for
Sample #ed1. The nanotube diameter was measured from TEM images and from the
equatorial line of the electron diffraction pattern (Appendix B.2.2, Equation B.21). The
chiral angle was deduced from the layer line spacings of the ED pattern (Equation B.22,
Figure B.13). Values which exclude a chirality candidate are typeset in italic.

Experimental Theoretical
Diameter Diameter Chiral angle θ Chirality Diameter Chiral
TEM image ED eq. line ED layer line sp. (n,m) angle θ

(16,16) 2.170 nm 30.00°
(17,16) 2.238 nm 29.00°

2.27±~0.1 nm 2.34±~0.1 nm 30.0° +0°/-0.2° (17,17) 2.305 nm 30.00°
(18,17) 2.373 nm 29.06°
(18,18) 2.441 nm 30.00°

The peak separation ratio X1/X2 between the first and the second intensityLayer Line
Intensity

Profile
peak positions along the layer lines [287] (Appendix B.2.2, Figure B.14) is estim-
ated to be ~1.29. A comparison with the computed values obtained from Bessel
functions of order n and m, indicates the chiral indices n and m to be in the range
of 15 to 18 which is in agreement with the chirality assignment of (17,17).

80



4.2 Chirality assignment by electron diffraction
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Figure 4.3: Electron diffraction intensity profile lines. (a) Simulated equatorial line (thin
line) and layer line profiles (thick line) of a (17,17) nanotube in comparison with exper-
imental equatorial line intensity (squares) and the layer line (dashed line). (b) Com-
parison of the experimental equatorial line intensity with simulation for (16,16) and
(18,18), the closest chirality alternatives with a chiral angle of 30°. Code was provided
by Ph. Lambin [95] and implemented for MATLAB® by C. Roman.
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4 Characterisation: Ultraclean, suspended CNFETs

While chirality assignment could also be derived within some limitations fromConclusion

other techniques such as Rayleigh scattering or Raman spectroscopy without
sample transparency, the detailed imaging capabilities of TEM require electron
beam transmissibility.

Same chirality deduced for different diffraction patterns on same nanotube
Figure 4.4a shows electron diffraction patterns of a SWNT bridging between
sharp poly-Si tips (Sample #ed2). The inset shows the TEM bright field image
of the section of the nanotube illuminated for pattern recording. The nanotube
is located 25 µm far from the edge of the die. The beam of transmitted electrons
can reach the nanotube within an α tilting range of 11°. A chiral angle θ of 10.9°(24,6)

and a diameter of 2.14 nm were extracted from the diffraction pattern. A (24,6)
nanotube matches best and has theoretical values of θ = 10.89° and d = 2.153 nm.
For an unambiguous chirality assignment, all other close-by chiralities need to
be excluded. First, chiralities with similar diameter but slightly different θ were≈d, ∆ θ

considered as summarised in Table 4.2. The chirality (23,5) [2.025 nm, 9.64°] was
ruled out due to the discrepancy between the layer line spacings d1 and d4 pre-
dicted by simulation but not observed in the experimental data. Detectable dis-
crepancies would be expected also for (23,6) [2.076 nm, 11.30°], (25,6) [2.230 nm,
10.51°], (24,5) [2.102 nm, 9.28°] nanotubes. Even for larger diameters with very
similar θ, a mismatch in d1 = d4 would be observable, e.g. for (31,8) [2.793 nm,
11.20°], and (33,8) [2.947 nm, 10.61°]. The relative size of d1 and d4 is independent
of nanotube inclination τ with respect to perpendicular incidence of the beam.

Figure 4.4: Electron diffraction on integrated nanotube (Sample #ed2). (a) Experimental
electron diffraction pattern of a SWNT located 25 µm away from the chip edge result-
ing in an accessible tilting range of 11°. Adapted from [103]. The inset shows the
corresponding ~150 nm long section of the straight nanotube illuminated at 100 kV.
The camera length was set to 770 mm. Contrast is inverted. (b) Simulated electron
diffraction pattern of a (24,6) nanotube. Code was provided by Ph. Lambin [95] and
implemented for MATLAB® by C. Roman. (c) Diffraction pattern of the same nano-
tube, but at a different position intentionally including a metal cluster as shown in (d)
for comparison of intensities. Contrast is inverted. The cluster originates from metal
evaporation of Cr/Au patterned by shadow masking. From both ED pattern, a chiral-
ity of (24,6) is assigned to the SWNT. Adapted from [103]. © Elsevier B.V, 2009.
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4.2 Chirality assignment by electron diffraction

Table 4.2: Comparison of experimental data with theoretical chirality candidates for
Sample #ed2.

Experimental Theoretical
Diameter Diameter Chiral angle θ Chirality Diameter Chiral
ED pattern ED eq. line ED layer line sp. (n,m) angle θ

4.4a 2.14±~0.1 nm 10.9°±0.1° (24,6) 2.153 nm 10.89°
4.4c 2.14±~0.1 nm 11.0°±0.15° (23,5) 2.025 nm 9.64° a

(23,6) 2.076 nm 11.30° a

intrinsic (25,6) 2.230 nm 10.51° a

layer lines: (24,5) 2.102 nm 9.28° a

m/n ratio (31,8) 2.793 nm 11.20° a

= 0.250 (33,8) 2.947 nm 10.61° a

m = 6.065 (20,5) 1.794 nm 10.89°
n = 23.97 (28,7) 2.551 nm 10.89°
a The simulated mismatch between layer line spacings d1 and d4 is not occurring in the experimental ED pattern.

The closest candidates with the very same θ but different d are (20,5) and (28,7). ∆d, =θ

Their diameters are 1.794 nm and 2.511 nm. Both are safely far from the extracted
d = 2.14 nm with a readout precision of ~0.05 nm for repeated pattern analysis.
The diameter is represented graphically by the intensity peak interval along the
equatorial line. Within the radius of the innermost hexagon (4.69 nm−1), the ex-
perimental diffraction pattern counts nine intensity peaks, plus a part of an in-
tensity decay. This matches well with the simulation for a (24,6) nanotube fea-
turing nine intensity peaks, as shown in Figure 4.4b. For a (20,5) nanotube only
eight intensity peaks, and for a (28,7) nanotube 11 peaks plus a part would be
expected. The assignment of (24,6) is corroborated by the m/n ratio (Equation
B.23) and the intrinsic layer line spacings (Equations B.28).

Figure 4.4c shows another diffraction pattern of the same nanotube, but recor- 2nd Pattern

ded on a different part of the nanotube. A metal cluster was included in the
exposed area as shown in Figure 4.4d. The cluster originated from evaporation
of Cr/Au patterned by shadow masking. The intense diffraction spots for the
metal indicate the weak intensity of the carbon-related spots. The metal could
also be used to calibrate the diffraction pattern and to correct for diffraction astig-
matism. Despite the intense spots of the metal cluster, the nanotube diffraction
pattern was analysed based on the intrinsic layer line spacings. The chirality of Again (24,6)

(24,6) is assigned as well to this other section of the same nanotube. The interme-
diate value for m before truncation was 6.065. The extracted m/n ratio of 0.250
indicates n = 24. The intermediate value for n was 23.97 according to the intrinsic
layer line spacing (indicating readout imperfection as value was <24). A diameter
of 2.14 nm and θ =11.0°±0.15° were deduced for this second diffraction pattern.

Conclusions on electron diffraction
By electron diffraction chiralities were unambiguously assigned to SWNTs integ- Conclusions
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4 Characterisation: Ultraclean, suspended CNFETs

rated in MEMS structures. For unambiguous assignment of chiral indices, it is
important to exclude all other chiralities with similar chiral angle and diameter.
Simulated diffraction patterns are compared to the experimental data, consider-
ing the misorientation of the nanotube with respect to normal beam incidence (τ).
For nanotubes of large diameters, the differences in d and θ become smaller, and
for very large diameters the candidates cannot be distinguished [70] p.59. Assign-
ment can be provided for the target diameter range of ~2 nm which is expected
to yield ohmic contacts as proposed by L. Durrer [77, 263] pp.17. Alignment
and tautening of the nanotubes occurring during growth according to nearest-
neighbour alignment is beneficial. First, the tilt angle τ is typically small as the op-
posing tips are aligned with the focal plane. Second, nanotubes are straightened
due to zipping with the tips [273]. Straightness is a prerequisite for obtaining a
diffraction pattern (periodicity).

4.3 Raman spectroscopy of suspended nanotubes
Figure 4.5b shows an SEM image of different designs of forks used for transfer ofRaman

Mapping nanotubes. The Raman intensity map shown in Figure 4.5a is intensity-filtered
for Si and for the G-mode. A nanotube bridges across the arms of the fork. A
radial breathing mode (RBM) peak is located at 150 rel. cm−1 . For the 532 nm
excitation wavelength, a (16,8) nanotube with d = 1.66 nm (and θ = 19.1°) or a
(17,6) nanotube with 1.62 nm (14.6°) are the candidates of highest probability
[288] (Appendix B.2.5). Both possible chiralities are semiconducting and are of
class p = −1 (Appendix B.1.6, Equation B.14).

Raman spectroscopy provides diameter measurements. In contrast to electronConclusion

diffraction, chirality assignment based on RBM position can be ambiguous [92].

Figure 4.5: (a) Confocal Raman image of an as-grown nanotube suspended between poly-
Si arms (filtered for G-mode and for Si intensity). Laser wavelength was 532 nm. (b)
SEM image of forks with arrays of arm pairs. Adapted from [102]. © IEEE, 2012.

4.4 Correlation of diameter determined by RBM and electron
diffraction

The diameter measurement and (tentative) chirality assignment based on theRBM & ED

RBM position in Raman spectroscopy is cross-checked by combined investiga-
tions on the same nanotube. Figures 4.6a,b show the Raman spectrum and the
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electron diffraction pattern of the very same nanotube device #ed3. TEM images
of the nanotubes are shown in Figure 4.6c.

The radial breathing mode (RBM) frequency was ωRBM = 163.3 rel. cm−1 with RBM⇒ d

±1 rel. cm−1 calibration precision. Inserting the parameters of Bachilo et al. [289]
into relation B.33, the diameter is deduced to be d = 223.5/(ωRBM− 12.5) [nm]
= 1.49 nm. For other parameter sets, the diameter is calculated to be 1.50 nm [290]
or 1.40 nm [15], as listed in Table 4.3.

Table 4.3: Possible chirality candidates deduced from Raman spectroscopy and electron
diffraction on Device #ed3. Different experimental parameter sets for the relation
between ωRBM and d are listed (Appendix B.2.5). Values which exclude a chirality
candidate are typeset in italic.

Experimental Theoretical
Raman & electron diffraction Chirality RBM Diameter Chiral

(n,m) expected? angle θ

Raman: d (13,7) no 1.376 nm 20.17°
d from RBM at 163.3 rel. cm−1 : (14,7) yes 1.450 nm 19.11°
dRBM Meyer = 1.50 nm [290] (15,7) yes 1.524 nm 18.14°
dRBM Bachilo = 1.49 nm [289] (15,8) (yes) 1.583 nm 20.03°
dRBM Liu = 1.40 nm [15] (19,0) yes 1.491 nm 0.00°

(11,10) (yes) 1.427 nm 28.43°
Electron diffraction: d & θ (18,2) yes 1.496 nm 5.21°
dED = 1.47 nm; 1.44 nm a (15,5) yes 1.415 nm 13.90°
θ = 19.5° (16,3) yes 1.388 nm 8.44°
a Diameter extracted from the equatorial line (Equation B.21); or including intrinsic calibration (Equation B.32).

Considering RBM intensities according to Jungen et al. [288] for the excitation RBM Intensity

at 2.33 eV (λ = 532 nm), the chiralities (14,7) [1.450 nm], and (19,0) [1.491 nm] are
the most probable candidates. The next closest candidates are (11,10) (relatively
strongly attenuated intensity) and (18,2), followed by (15,5), and (16,3).

The diffraction pattern was recorded (4.6b) and the chiral indices (14,7) were Electron
Diffractionassigned. The measured values were d = 1.47 nm (or 1.44 nm for intrinsic layer

lines, Appendix B.2.2) and θ = 19.5°. The m/n ratio was 0.513. (15,8) and (13,7)
are the closest alternative candidates.

Many of the potential candidates based on the d–RBM relations can be ruled θ

out owing to the chiral angle obtained from TEM electron diffraction.
Clipping was observed owing to inappropriate tilting conditions. This under-

lines the importance of setting the α tilt properly.
The theoretical diameter for a (14,7) nanotube is 1.450 nm which matches reas- Resonance

Conditionsonably well to the values of d obtained from the RBM position. More convincing,
the RBM of (14,7) is expected to be in resonance for the employed excitation laser
line whereas (15,8), (13,7), and others are not anticipated to exhibit an RBM peak
at the excitation energy of 2.33 eV [288].
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Figure 4.6: (a) Confocal Raman spectrum of an integrated nanotube device #ed3 with a
radial breathing mode peak at 163.3 rel. cm−1 . Integration time was 12 s at a laser
intensity of 1.5 mW and excitation at λ = 532 nm. (b) Electron diffraction pattern of the
same SWNT. A chirality of (14,7) is assigned based on the diffraction pattern. Image
contrast is inverted for better visibility. Suboptimal tilting conditions lead to clipping,
as indicated by arrows. The accessible α tilt range was 2.5°. Adapted and reprinted
with author rights from [103]. (c) TEM images of the nanotubes suspended between
the poly-Si tips. SEM images of the same device were given in Figure 3.17a. The
shadow masked contact is strongly misaligned owing to an out-dated slider design
with movement direction along the nanotube axis. (d-i) Low magnification TEM image
series in tilted-view for decreasing tilt angle α. The opposing tip pair is (d) obscured
by the close edge, (f) seen at ~1.5° owing to the notch, (i) obscured by the far edge of
the chip for negative α-tilt. Reprinted from © Elsevier B.V., 2009.

Probably due to the previous ED pattern recording, the feature of the defectD-mode

mode (D) is pronounced. As the G/D ratio of our pristine SWNTs is usually
above 100, the decrease of G/D to 15 seems to support the foreseen necessity to
perform electrical sensor measurements prior to chirality assignment. Although
the SWNTs endured routinely long electron beam exposures at 100 keV, which
is above the knock-on damage threshold of 87 keV [291] for carbon nanotubes,
degradation cannot be excluded [292]. Furthermore, carbonaceous deposition is
likely, which can originate from residual hydrocarbons polymerised under elec-
tron irradiation [233]. Another reason for the exceptional high D peak may arise
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from the metal deposition for electrical integration.
The diameter deduced from the experimental RBM peak position in Raman Conclusion

spectroscopy is in agreement with the chirality assigned by electron diffraction.
For a small diameter the commonly used theoretical parameters to relate ωRBM

to d were confirmed by electron diffraction. The relation d = 223.5/(ωRBM− 12.5)
[nm] [289] appears to over-estimate the diameter (1.49 nm instead of 1.45 nm),
while d = 228/ωRBM [nm] [15] under-estimates d (1.40 nm).

A detailed verification of the RBM-diameter relation by the combined analysis Related Work

of Raman and electron diffraction was achieved by Meyer et al. for nanotubes sus-
pended via a resist-based process including wet etching (C1 = 204 rel. cm−1 ·nm
and C2 = 27 rel. cm−1 ).

Liu et al. measured intrinsic RBMs of clean and long suspended nanotubes
without perturbations from the environment [15] (C1 = 228±1 rel. cm−1 ·nm and
C2 = 0 rel. cm−1 ) They determined C2 equals zero which matches the theoretical
prediction for pristine SWNTs.

4.5 Hysteresis-free transistor characteristics of ultraclean CNTs
After the demonstration of device characterisation by electron diffraction and Ra- Overview

man spectroscopy, the fabrication results of electrical contacts by shadow mask-
ing (Section 3.2) are presented and hysteresis-free transistor operation is shown.

Figure 4.7: On-chip shadow masks - intrinsic mask plus moveable cantilever - for high
material contrast by short mask-to-substrate gaps. SEM image of a tip pair for SWNT
integration. Undercuts at the partially suspended poly-Si tips act as intrinsic shadow
mask. The tips are bridged by a SWNT. The SWNT is shielded from metal deposition
by a shadow mask cantilever attached to an on-chip slider (retracted again). A stack
of 2 nm Cr + 40 nm Au was evaporated without sample rotation at zero tilt. Misalign-
ment is due to first-generation alignment guidance without alignment cones. (b) SEM
close-up of the suspended SWNT showing the high material contrast owing to the
small separation between shadow mask and tip-shaped poly-Si electrodes. The SWNT
image is blurred towards the middle-section due to vibrations. Adapted and reprinted
from Nature Nanotechnology, supplementary information [101]. © Macmillan Publish-
ers Limited, 2010.
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4 Characterisation: Ultraclean, suspended CNFETs

Figure 4.8: Nano-tapered metallisation of suspended SWNTs by on-chip shadow masking.
(a) On-chip shadow-masked evaporation of 170 nm palladium at 30°-tilted sample ro-
tation provides gradually thinned contacts with the suspended SWNT. The contactless
patterning also covers the sidewalls. (b) Front side view (SEM) of the opposing tips
and shadow mask, including a schematic of tilted metal evaporation with sample ro-
tation around the white axis. The mask shields the middle section of the suspended
nanotube from metal deposition. Undercuts act as intrinsic shadow masks and isol-
ate the electrodes (S and D) from the substrate. (c) Same device as shown in (a) in
perspective view. Owing to tilted sample rotation, the oxidised poly-Si of the bottom
gate becomes metallised, in contrast to non-tilted deposition shown in Figure 4.7. Ad-
apted and reprinted from Nature Nanotechnology, supplementary information [101].
© Macmillan Publishers Limited, 2010.

4.5.1 Contact formation by shadow masking

Inherent to shadow masking, material contrast limitations evolve from geometricMaterial
Contrast blurring. The mask-to-substrate gap influences the blurring (Section 3.2.1). Here,

the small gaps achievable with the on-chip masks reduce the blurring. High ma-
terial contrast was achieved by the cantilever-like shadow stencils attached to
the moveable slider as shown in Figure 4.7. Sample rotation was disabled and
sample tilt was set to zero degrees during evaporation of 2 nm Cr and 40 nm Au.
Tests with larger gap distances and/or weaker vacuum conditions (~8·10−6 mbar,
Edwards coating system E306) resulted in degraded contrast as expected (see Sec-
tion 3.2.1 topics Mask-to-Substrate Gap and Residual Gases). This indicates the
importance of small mask-to-substrate gaps achieved by the on-chip masks.

Sample rotation about an axis with 30° tilt with respect to the material fluxTapered
Contacts during evaporation (Section 3.3 and Figure 4.8b) reduces the electrode material

thickness gradually towards the shadowed area. Consequently, tapered needle-
type metal electrodes were fabricated in a self-aligned manner (Figure 4.8a).
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4.5 Hysteresis-free transistor characteristics of ultraclean CNTs

The shadow mask can be as close as 700 nm from the suspended nanotube and Metallised
Bottom Gatedespite tilted evaporation, only the endsections were metallised. As the mask

was more than 3 µm further apart from the substrate than from the nanotube,
the substrate became metallised during evaporation even right underneath the
shadow mask, as shown in Figures 4.8b,c. Thus, the substrate surface consisting
of oxidised poly-Si (or silicon nitride on doped Si) was covered with highly con-
ductive metal. Consequently, the substrate surface acting as bottom gate can be
assumed to be free of charge traps.

Surface migration

Surface diffusion is migration of evaporated material after impingement on a sub- Migration

strate (Section 3.2.1 topic Surface Migration). The partially shielded, suspended
SWNTs acted as substrate for the self-aligned contacts. For 2 nm Cr + 60 nm Au
evaporation, nanometre-sized clusters were observed at Y-junctions of bundles
of suspended SWNTs relatively far underneath the shadow masks [285].

Palladium is reported to exhibit better wetting to SWNTs than Au [186, 187]. Discussion

In the case of Pd, the surface migration on SWNTs seemed to be less pronounced
than for Au on SWNTs. This observation is also in agreement with findings from
density functional theory which claim that nanotube-metal interaction is stronger
for Pd than for Au [293], which leads to higher diffusion barriers.

4.5.2 CNFETs by shadow masking

Figure 4.9 shows the transistor operation of a suspended nanotube. The Pd con- CNFET #s1
3 µm Channeltacts were evaporated onto the as-grown nanotube by shadow masking. The

SEM image of Figure 4.9a shows a long channel device (Device #s1) with a
channel length of 3 µm, suitable for strain or chemical sensing. The CNFET
was fabricated with a small gap of 1 µm between the shadow mask and the
SWNT. Electrical device characterisation was carried out at room temperature
in ambient air. The linear source-drain current (Ids) versus source-drain voltage
(Vds) characteristic of Device #s1 at a gate voltage Vg = 0 V is shown in Figure
4.9b. Ids/Vg curves for several Vg sweeps at 4 mV/s are plotted in Figure 4.9c,
showing repeatable FET behaviour. Vg was applied at the metallised bottom
gate, 3 µm from the channel. The following device performance figures were
determined: subthreshold swing S = 230 mV/dec, threshold voltage Vth = 1 V, on-
state system resistance RON = 330 kΩ and current on/off ratio ION/IOFF = 1·104 at
Vds = 20 mV. The hysteresis in gate voltage was as low as 8±5 mV and the hyster-
esis expressed in current was 0.09±0.06 nA, which corresponds to 0.3% of ION.

For Device #s2, tilted sample rotation during palladium evaporation and the CNFET #s2
30 nm channelrelatively large separation between the SWNT and the shadow mask allowed

obtaining a very short non-metallised part of the SWNT. Short channel lengths
as narrow as 30 nm could therefore be obtained as shown in the SEM image
of Figure 4.10a. The metal deposition on the long shadow masking bar of the
design of Device #s2 caused upwards-bending and caused finally a large mask-
to-nanotube gap. The width of the shadow mask, the separation between the
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4 Characterisation: Ultraclean, suspended CNFETs

Figure 4.9: Suspended, pristine SWNT arranged as a long-channel field effect transistor
with minute hysteresis (Device #s1, with a channel length of 3 µm). (a) SEM micro-
graph of a SWNT contacted by on-chip shadow-masking with tilted-axis sample ro-
tation during evaporation of 170 nm palladium. (b) Source-drain current (Ids) versus
source-drain voltage (Vds) curve for a gate voltage Vg of 0 V. (c) Ids versus Vg . Three
dual sweeps (4 mV/s) are plotted for Vds = 20 mV. The distance between the SWNT
and bottom gate is 3 µm. Leakage current Ig is at the noise level. Note the negli-
gibly small hysteresis of 8±5 mV. Adapted and reprinted from Nature Nanotechno-
logy [101]. © Macmillan Publishers Limited, 2010.

SWNT and mask, the evaporation tilt angle, and the cantilever length and mater-
ial thickness may be used as tuning parameters for the channel length and mech-
anical anchoring. The linear Ids–Vds characteristic of #s2 is shown in Figure 4.10b,
and was found to withstand the FET measurements unchanged. Ids–Vg curves
are plotted in Figure 4.10c.
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4.5 Hysteresis-free transistor characteristics of ultraclean CNTs

Figure 4.10: Suspended short-channel field-effect transistor without hysteresis operated in
ambient air (Device #s2). (a) SEM image of a SWNT formed with an enlarged SWNT-
shadow-mask gap, leading to a 30-nm-short SWNT channel. Inset: enlargement of the
channel in top view. (b) Ids-Vds curves at Vg = 0 V before and after FET measurements.
(c) Ids measurements for the suspended directly contacted SWNT for continuous gate
sweeps (0.3125 V/s) applied to the backgate (3 µm below the SWNT). Dual sweeps are
shown for Vds = 1.25, 2.5 and 5.0 mV. Note the absence of hysteresis. (d) TEM images
of the needle-like contact of Device #s2 fabricated by on-chip shadow masking. (e) The
thickness of the evaporated palladium contact reduces gradually along the suspended
SWNT. (f) Close-up of the carbon nanotube FET channel, showing a nanoscale needle-
like contact. Vibrations have caused image blurring. Adapted and reprinted from
Nature Nanotechnology [101]. © Macmillan Publishers Limited, 2010.

91



4 Characterisation: Ultraclean, suspended CNFETs

Even in an ambient cleanroom environment with 45% relative humidity, hys-Hysteresis-free

teresis was absent. For Device #s2, the following performance data were extrac-
ted: S≈ 4 900 mV/dec, Vth = 17 V with the bottom gate located 3 µm below the
channel, RON = 89 kΩ and ION/IOFF = 190 at Vds = 1.25 mV. Gate leakage current
was below 2·10−11 A at IOFF. The ambipolar FET behaviour can be attributed
to ohmic palladium-SWNT contacts to a small-bandgap nanotube or to a large-
diameter nanotube with moderate bandgap.

Figures 4.10d-f show the nano-tapered contact of Device #s2, recorded usingTEM Images
of Contact TEM under tilted-view conditions [103] (Section 3.5.2), allowing the combination

of electrical and structural characterisation that is necessary for fundamental in-
vestigations and model validation. To avoid beam-induced defects or contamin-
ation, electron microscopy was conducted following electrical measurements. A
bandgap of ~0.2 eV (Equation B.7) would be expected for the observed diameter
of ~4 nm. The outermost metal contact diameter of #s2 is ~7 nm.

Although difficult to compare directly due to its dependence on gate voltageDiscussion

range and scan rate, hysteresis in ambient air is usually on the order of volts
[28, 54, 85]. Hysteresis is commonly observed for unpassivated channels exposed
to humid air, at least in approximately 50% of devices [32] unless the supporting
surface is rendered hydrophobic [90] or passivated [87, 193].

The observed suppression of hysteresis even at humid ambient conditions byConclusion

ultraclean CNFETs is an important feature for nanotube sensors. Especially for
gas sensors, which require interfaces to the environment, the hysteresis-free op-
eration in humid atmosphere is beneficial for sensor readout. Suppression of
hysteresis is attributed to (i) excluding charge traps by maintaining clean, defect-
free nanotube surfaces during processing and to (ii) shielding any oxide-related
charge traps by metal-covering of the gate. By simulation, needle-like contacts
have been identified to be the optimal contact geometry [183]. Here, needle-like,
nano-tapered contacts were fabricated and good gate coupling was achieved.

4.5.3 Simulation of electric potential for tapered electrodes
The relatively steep subthreshold slopes observed for the 3 µm large air gap of
devices #s1 and #s2, indicate a good gate coupling considering this large gate-to-
nanotube distance. Transistor geometry and especially the shape of source and
drain electrodes have a strong impact on gate coupling [183]. In order to estim-FEM

ate the enhancement of the gate coupling by the nano-tapered contacts on sharp
micro tips, 3D simulations of the electrostatics based on finite element method
(FEM) were carried out (Comsol Multiphysics® version 3.4).

As shown in Figure 4.11, three geometries were compared: Standard block-Geometry

shaped electrodes; micro-sharp electrode tips (representing the poly-Si supports);
and similar micro-sharp tips additionally equipped with nano-tapered contacts
(representing Pd protruding onto the nanotube). For all configurations, the gap
between the electrodes was kept at a length of 3 µm. The SWNT itself was neg-
lected. Although this simplification alters the electric potential, the model allows
for qualitative comparisons.
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4.5 Hysteresis-free transistor characteristics of ultraclean CNTs

Figure 4.11: Finite element simulations of the electric potential for different electrode geo-
metries with a bottom gate potential set to 10 V and having the source and drain elec-
trodes at ground potential were carried out using Comsol®. The nanotube spanning
the electrodes is neglected. A slice along the symmetry plane and a perpendicular
slice 100 nm in front of the electrode are plotted for three different geometries having
a source-drain gap of 3 µm each: (a) Block-shaped electrodes (2 µm thick, 12 µm wide,
1 µm elevated above the substrate which acts as bottom gate). The black arrows are
pointing at the location where the suspended SWNT would be. (b) Sharp tip pair. (c)
In addition to the sharp tips, the source and drain are extended with nano-tapered con-
tacts (400 nm in length, 30 nm diameter at the base and 10 nm diameter at apex). (d)
Sketch of the three different electrode geometries in top view. (e) The electric poten-
tials along the fictitious nanotube are plotted for the block-shaped electrodes (bottom),
micro-sharp tips (middle), and micro-sharp tips with nano-tapered contacts (top). Re-
printed from Nature Nanotechnology [101], supplementary information. © Macmillan
Publishers Limited, 2010.
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4 Characterisation: Ultraclean, suspended CNFETs

The substrate, acting as bottom gate, was set to a potential of 10 V. Both, sourceBoundary
Conditions and drain electrodes were assumed to be perfect conductors and were set to a

potential of 0 V. The boundary setting „symmetry/zero charge“ was chosen for
the sidewalls of the air-filled simulation domain. This boundary conditions cor-
respond to a periodic array of electrode-pairs. To allow the iterative adaptive
mesh refinement to run efficiently, infinite elements for the boundary at the top
boundary were replaced by a ground plane at an altitude of 100 µm.

Figure 4.11a shows the simulated electric potential for the block-shaped elec-Block-shaped

trodes (2 µm thick, 12 µm wide, 1 µm separated from the substrate acting as bot-
tom gate). On the left hand side in 4.11c, a slice along the axis of the nanotube
shows how the electrostatic potential extends into the 3 µm long gap. The nano-
tube position would be at the upper edge of the electrodes (black arrows) but
was neglected. The right hand side of Figure 4.11c depicts a slice of the electric
potential perpendicular to the nanotube axis 100 nm in front of the onset of the
electrode.

Figure 4.11b shows the electric potential for micro-sharp tips (radius ofMicro-sharp

curvature is 7 µm, 10 nm width at apex, 2 µm height at apex).
Figure 4.11c shows the electric potential for micro-sharp tips with added nano-Nano-tapered

tapered contacts (400 nm in length, 30 nm diameter at the base and 10 nm dia-
meter at apex, planar tip). The electric potential at the upper end of the electrode
gap where the nanotube would be located is increasing due to reduced shielding
by the electrodes. This confirms qualitatively the effectiveness of the reported
nano-tapered geometry. As mentioned, the nanotube itself is neglected and there-
with the additional screening because of the nanotube is not taken into account.

In Figure 4.11e, the modelled electric potentials along the fictitious nanotubeElectric
Potential are plotted for the three different geometries. Two characteristics are relevant:

The bulk potential reached in the middle of the gap and the potential in the con-
tact region. The latter is especially relevant for barrier-dominated transistors.
Nano-tapered contacts are simulated to enhance the electrical field by a factor
of 67 compared to block-shaped electrodes.

Regarding the real devices presented in Figures 4.9 and 4.10, the subthresholdDevices

swings vary significantly (long-channel Device #s1: S = 230 mV/dec and short-
channel Device #s2: S = ~4900 mV/dec). One factor that contributes to the poorer
subthreshold swing observed for Device #s2 is the asymmetry of the contacts:
The drain contact is shorter than the source contact. The geometrical shift of the
channel position close to the drain electrode is due to first-generation shadow
masks, where the mismatch in photolithography was not compensated1. As the
channel and therewith the nanotube-metal interfaces are close to the metallised
poly-Si drain electrode, the backgate is shielded more than for the symmetric
Device #s1. Therefore, the enhancement by nano-tapered contacts is expected to
be smaller for Device #s2 than for #s1.

1 Opposing tips and shadow mask were fabricated in different lithographic steps and cantilevers
were bending upwards upon metal deposition
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4.5 Hysteresis-free transistor characteristics of ultraclean CNTs

4.5.4 Chirality-assigned CNFET fabricated by shadow masking
Chirality is assigned by electron diffraction to nanotubes acting as transistor chan- Overview

nels. This enables correlation of structural properties with electron transport
measurements.

Suspended SWNTs integrated as field effect transistor channels are shown in Device #s4

top view of Figure 4.12a in an SEM image. For the same Device #s4, Figure 4.12b
shows the source-drain current for a forward and a backward sweep of the bot-
tom gate. The subthreshold swing is 340 mV/dec and the current on/off ratio is
~104. The corresponding electron diffraction pattern (4.12c) allows the chirality
(28,11) to be unambiguously assigned to the individual nanotube in the middle
part1. TEM images shown in Figure 4.12d – in tilted-view – reveal that both end
segments of the transistor consist of bundles of two nanotubes each, as schemat-
ically illustrated by thick lines. By electron diffraction, the second SWNT #2 on
the end section of the right hand side is identified as armchair-type nanotube and
therefore expected to behave metallic.

The (28,11) nanotube which completely bridges between the source and drain Discussion

electrodes is predicted to have a bandgap of 0.28 eV. The semiconducting elec-
tronic properties (Figure 4.12b) are consistent with the structure determination
predicting a semiconducting behaviour.

Contact modification of functional device
Shadow masking can be used iteratively to alter contact geometry. The slider
can move the mask again closely spaced atop of the suspended nanotube. A
second metallisation was patterned as shown in the SEM and TEM images of
Figure 4.12g of Device #s4. The electrical response after modifying the suspended
electrical contacts by a second evaporation is shown in Figure 4.12e.

The transition from semiconducting to metallic conduction can be explained Discussion

by the metal coverage of the previous (28,11) transistor channel. The domin-
ant section after the second metallisation is the (28,11) nanotube bundled to the
armchair-type nanotube. This demonstration of sequential modification of con-
tacts to long, suspended nanotubes is a unique feature of shadow mask evapora-
tion and could not be achieved by resist-based lithography.

Conclusion on CNFETs fabricated by shadow masking
On-chip shadow masking enabled the operation of nanotube transistors in a hu- Hysteresis-free

mid atmosphere without hysteresis. Suspended, individual, and ultraclean nano-
tubes were grown directly between unmetallised device contacts, onto which pal-
ladium was then evaporated through self-aligned on-chip shadow masks. This
yielded pairs of needle-shaped contacts that have been theoretically shown to al-
low high nanotube-gate coupling and low gate voltages [183]. On-chip shadow

1 A diameter of 2.732±0.05 nm and a chiral angle of 15.88±0.1° were extracted. The diameter was
measured from the TEM image to be 2.75±0.2 nm. The theoretical values for a (28,11) nanotube
are 2.727 nm and 15.874°. The closest alternative candidates would be (29,11) and (27,11). The
deviation from the theoretical values of these closest alternative candidates are +0.075 nm, −0.44°
and −0.075nm, +0.46°.
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4 Characterisation: Ultraclean, suspended CNFETs

Figure 4.12: Hysteresis-free SWNT field-effect transistor #s4 with assigned chirality and
demonstration of metal contact modification. (a) SEM top view image of a suspen-
ded CNFET. (b) Hysteresis-free Ids for a gate dual-sweep after electrical burn-out of
short-circuiting nanotubes. Subthreshold swing S was 340 mV/dec at a nanotube-to-
gate distance of ~3.6 µm. On resistance RONwas 2.75 MΩ at Vg =−8 V. (c) The electron
diffraction pattern recorded at the middle section revealed that exactly one individual
SWNT with chirality (28,11) spans the whole distance between the tips. (d) TEM im-
ages of the same CNFET in side view. The diameter of the lower nanotube (left inset)
was measured from an image to be 2.75±0.2 nm, matching to (28,11). The second nano-
tube on the right end section is a metallic, armchair-type nanotube. (e) Ids before and
after additional Pd-coating of the same device. (f) SEM top view image with shadow
mask slider in retracted position. (g) TEM image after additional Pd coverage by reuse
of the shadow mask. Adapted and reprinted from [2]. © IEEE, 2011.
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4.5 Hysteresis-free transistor characteristics of ultraclean CNTs

masking demonstrated the electrical interfacing of suspended ultraclean nano-
tube FETs in prefabricated MEMS structures. This process paves the way for
creating ultrasensitive nanosensors based on pristine suspended nanotubes.

Stencil lithography allows a wide range of metals to be used as contacts, Material
Compatibilitywithout the need for any post-metallisation treatment such as lift-off, nanotube

growth, or release etching.
For fundamental investigations, the contact geometry was changed success- Reuse

ively even for the suspended nanotube configuration. Tilted angle evaporation Outlook

(without sample rotation) [159] will be useful to fabricate distinct contacts of un-
equal materials for the two nanotube ends, and to pattern multiple gates.

Tilted-view TEM observation enables discrimination between devices with an Chirality
Assignmentindividual nanotube and devices with multiple nanotubes or bundles. Chirality

assignment to functional devices was demonstrated by electron diffraction.

4.5.5 CNFETs by direct transfer
The dry transfer of nanotubes from a fork to a device die was described in Section Overview

3.3. Electronic characteristics and electron beam investigations are presented in
the following.

Current detection and voltage sweep response
A bias Vdsof typically 0.2 V was applied across the Pd-coated receiving electrodes. Current

MonitoringDuring lowering the nanotube-carrying fork the Ids current was triggering the
placement of nanotubes. The Ids-Vds characteristics of several devices are shown
in Figure 4.13. For some devices, as plotted for Device #t2 (×), the conductivity
increased stepwise after setting Vds to values larger than 1 V. This indicates that
contacts can be permanently improved after high bias was applied. The resist-
ances – at zero gate voltage, which can be far from the on-state – were in the
order of MΩ s: 1, 1, 2, 4, 15, 23, 55 MΩ.

Understanding the exact mechanisms of the observed contact improvements, Discussion

which might be related to tempering by self-heating or to charge injection, re-
quires more detailed studies. Jones et al. reported sudden increase in current at
high bias larger than ~2.5 V for Pd electrodes previously exposed to O2 plasma
[294]. They attributed the current increase to the breakdown of a 2-nm-thin pal-
ladium oxide layer. Dong et al. attributed the current increase observed for Pt
electrodes to desorption of adsorbates and to thermally enhanced bonding [295].

Transistor measurements
A transistor fabricated by the transfer method is shown in Figure 4.14. The nano- CNFET #t1

tube is suspended in between the electrodes. The inset reveals the end of the
nanotube which was previously in contact with the fork. SEM imaging was
conducted after electrical measurements were completed to avoid contamination.
The transistor characteristics are plotted as Ids-Vg curves in Figure 4.15. Although
measured in humid ambient air, the transfer characteristics are hysteresis-free:
forward and backward traces are plotted both and match each other. A full con-
tinuous dual gate sweep took 70 s (Vg extremal =±20 V) corresponding to a sweep
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Figure 4.13: Ids-Vds response of five devices fabricated by transfer onto Pd electrodes. The
conductivity of Device #t2 (crosses) increased after raising Vds to 1.4 V (bold arrow).
Device #t1 (circles) is shown in Figures 4.14, 4.15, and 4.16. Vg was zero. Adapted and
reprinted from [102]. © IEEE, 2012.

rate of 1.14 V/s. In earlier work by Sangwan et al. [33], hysteresis was still ob-Hysteresis-free

served although the transferred nanotubes were suspended. Here, the devices
do not show hysteresis even at relatively slow Vg sweep rates. Recently, Wu et
al. used a similar transfer method and obtained negligibly small hysteresis [154].

The ION/IOFF ratio exceeded 103. The gate coupling with a subthreshold swingGate Coupling

of ~2 200 mV/dec is relatively weak as expected for the configuration without ex-
tending needle-like contacts. Note that the gate-to-nanotube distance is as large
as 5.5 µm, 3.5 µm is the thickness of the poly-Si receiving electrodes being spaced
by 2 µm, as depicted for Device #t1 in Figure 4.20.

In Figure 4.15b, the Ids-Vg characteristics recorded directly after transfer and 5Storage

days later after storage in cleanroom environment are compared. An increase in
Ids was observed. On day 6, the threshold voltage Vth, extracted by fitting a linear
curve in the point of steepest slope and extrapolating to zero Ids, was found to be
11 V. Vds as high as 300 mV was sustained by Device #t1. Despite the relatively
high Vds bias [193], hysteresis was negligible. The minimum system resistance
for this individual nanotube device was 1.7 MΩ.

Thermal annealing

Annealing is reported to be not necessary for freshly evaporated metal surfacesRTA

[154]. Nevertheless, it was tested whether rapid thermal annealing (RTA) can
improve the contact resistance. Figure 4.16 shows the gate response which deteri-
orated after RTA at 450 °C for 1 min.
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4.5 Hysteresis-free transistor characteristics of ultraclean CNTs

Figure 4.14: SEM images of the CNFET Device #t1 fabricated by transfer. (a) Parallel
source (S) and drain (D) electrodes covered by 120 nm Pd deposited at tilted sample
rotation. (b) Close-up view of the nanotube suspended across the receiving electrodes
after direct transfer. Zoom: End of the nanotube separated from the fork. (c) Top-view
of the transistor. Images were recorded after electrical characterisation. Adapted and
reprinted from [102]. © IEEE, 2012.
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Figure 4.15: Ids-Vg transistor response of the nanotube Device #t1 shown in Figure 4.14
fabricated by direct transfer using the fork approach. (a) Transfer characteristics re-
corded in humid air at the 4200-SCS on day 6 after transfer, plotted in semi-log scale.
Forward and backwards sweeps are plotted. (b) Same data plotted in linear scale and
additional data points recorded on day 1 by a Keithley 2400. The increase in on-current
for Vds = 25 mV is emphasised by an arrow. For the computerised Semiconductor Char-
acterisation System (SCS) - on day 6 - two forward and backward sweeps are plotted
each per source-drain voltage. Adapted and reprinted from [102]. © IEEE, 2012.
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4.5.6 Influence of e-beam induced carbonaceous deposition
After SEM imaging and electron beam induced carbonaceous depositions theSEM

same device was electrically measured again. Ids started to fluctuate more and
the gate coupling was weakened as seen in Figure 4.16. Typically, nanotubes are
manipulated under SEM observation [35, 68, 145–147]. The deteriorated electrical
properties after SEM imaging shown here, indicates the importance of perform-
ing the transfer under the absence of electron beams.

The reduced gate coupling can be interpreted as enhanced shielding of the gateDeteriorated
Coupling potential by the amorphous, conductive carbonaceous deposits being biased by

the source or drain respectively. In addition, the carbonaceous film itself may con-
tribute to Ids and corrupt the OFF-state. An amorphous carbon layer of roughly
2 nm (estimated from TEM images) wrap the nanotube which could give rise to
an additional current path. Assuming a resistivity of 3.5·10−5 Ωm, a 2 nm coaxial
shell would correspond to a parallel 7 MΩ resistor, which would be expected
to contribute significantly to the device current at large Vg where the nanotube
channel should turn off.

The observed degradation of the CNFET after SEM imaging corroborates theConclusion

importance of avoiding electron beams during manipulation. For fork transfer,
nanotubes are placed under light microscopy observation instead of SEM.
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Figure 4.16: Ids-Vg transistor response of Device #t1 as-transferred, after rapid thermal an-
nealing to 450 °C and after electron beam induced carbonaceous deposition during
prolonged SEM imaging at 5 kV at a pressure of 3·10−6 mbar. Adapted and reprinted
from [102]. © IEEE, 2012.

4.5.7 Chirality assignment to CNFET fabricated by transfer
Electron diffraction patterns were recorded and a chirality of (25,18) was deduced(25,18) CNFET

for the CNFET Device #t1 fabricated by fork-transfer, shown in Figures 4.14, 4.15,
and 4.16. In Figure 4.17a and b, the SEM image and the TEM overview image
show an individual structure bridging the electrodes. The inset represents the
area which was illuminated to record the diffraction pattern shown in Figure
4.17c. The non-modulated equatorial line of the diffraction pattern confirms that
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the nanotube is indeed single-walled. Figure 4.17 shows the simulated pattern
of a (25,18) nanotube which matches the experimental data best1. Theoretically,
(25,18) corresponds to 2.93 nm and 24.63°. As the diameter is large, there are
many other chiralities laying close to the measured values of 3.01 nm and 24.68°.

Figure 4.17: Electron diffraction on Device #t1. (a) SEM top view image of the nanotube
integrated by transfer from a fork. (b) TEM overview image in tilted-view. The inset is
the area illuminated for recording the diffraction pattern. (c) Experimental diffraction
pattern recorded at 100 kV for 300 s. The part of the equatorial line is given with in-
verted and adjusted contrast for better visibility. A simulated equatorial line is placed
next to the experimental data (grey arrow). Grey lines are guides to the eyes. (d) Simu-
lated diffraction pattern of a (25,18) nanotube. Code was provided by Ph. Lambin [95]
and implemented for MATLAB® by C. Roman. Reprinted from [102]. © IEEE, 2012.

4.5.8 Transistor output characteristics
Output characteristics (Ids versus Vds for different values of Vg ) of transistors fab- Idsvs. Vds

ricated by transfer are shown in Figures 4.18 and 4.19. Vg was varied by steps
of 0.5 V for Device #t21 (Figure 4.18) exhibiting small-bandgap semiconducting
behaviour, and by 1 V for Device #t22 (Figure 4.19) exhibiting semiconducting be-
haviour. For source-drain bias voltages increasing to high levels, the current Ids
started to decrease in a repeatable manner. This negative differential conductance
may be attributed to self-heating of the suspended nanotube(s) [297].

Franklin et al. reported that the magnitude of hysteresis can increase for lar- high Vds

ger Vds [193]. Here, even the gate sweep at a large Vds bias of 2000 mV (Figure
4.19a,b) did not exhibit hysteresis.

1 The closest alternative assignment would be (26,19) with 3.06 nm and 24.87°. Concerning θ, (22,16)
with 2.59 nm and 24.79° could be another option, but is unlikely due to the deviation in diameter.
Moreover, it would be an (n-m) = 3 · q nanotube and hence would be expected to show metallic
properties. The intrinsic layer line spacing including L2 to L6 [296] (Equations B.28), indicates
n = 25 and m = 18. The average m/n ratio of 0.723 matches best for (25,18) with 0.720. If assuming
(25,17) the calculated tilt angle τ would be 16°, which is much larger than the tilt angle of 6.5°
measured by SEM top-view. Additional tilt may be introduced due to β tilt of the chip, but is
estimated from TEM images to be less than 2°. As 16° > 6.5°±2°, (25,17) appears unlikely. For
(25,18), τ is calculated to be 8° – close to 6.5°±2°. The diameter is calculated using Equation B.32 to
be 2.97 nm. This is closer to the theoretical diameter of 2.93 mn for (25,18), than the initial extraction
of d = 3.01 nm conducted without including τ for calibration.
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Figure 4.18: Output characteristics of Device #t21 fabricated by transfer onto Pd electrodes.
(a) Ids-Vg characteristics and (b) Ids-Vds output characteristics for steps of 0.5 V in Vg .

4.5.9 Shrinkage of gate separation
By implementation of the receiving electrodes in the thinnest poly-Si layer avail-Gate

Geometry able in polyMUMPs and by reducing the height of the undercut, the gate distance
to the nanotube can be reduced. Figure 4.20 illustrates the gate separation reduc-
tion from 5.5 µm for Device #t1 to 3.5 µm for Device #t2. The gate voltages needed
to turn the transistor fully on, respectively off become smaller1 when the gate is
closer and the lever arm of the gate is larger. Smaller gate voltage ranges are not
only important for low-power applications, but keeping the involved voltages
low can also be important to avoid gate leakage currents.

On the right hand side of Figure 4.20, the transfer characteristics of the CNFETDevice #t2
3.5 µm Device #t2 is shown. The current is modulated from the p-branch ON state to

the n-branch ON state within a Vg range of ±7 V. As the current does not turn off
completely, an SGS-nanotube can be assumed.

The horizontal alignment obtained by the fork transfer is improved comparedDiscussion

to alignment obtained by direct growth. In direct growth across released struc-
tures, only the starting point is defined while the nanotube may end on sidewalls.
Nanotubes landing on the sidewall (see Figure 4.27f) are closer to the gate which
is beneficial for good gate coupling, but reproducibility is difficult to achieve.
Moreover, mechanical clamping is suboptimal. Nanotubes may also fall down
onto the gate during direct growth and cause electrical shorts. In contrast, the
placement by the fork approach avoids electrical shorts as the nanotube is placed
on top of both electrodes. For the transfer approach, the air gap can be reduced
to improve gate coupling without increased risk of electrical shorts.

Further shrinkage of the size of the air gap is difficult to achieve within theOutlook: Gate
Distance polyMUMPS framework: The thinnest poly-Si layer which can possess under-

cuts is 1.5 µm thick. The height of the undercut can be reduced down to 2 µm by

1 A practical aspect is, that the gas measurement setup of M. Mattmann [298] has a gate voltage
range limited to ±7.5 V. For the in-house gas measurement setup by K. Chikkadi [299] and for the
setup at the vacuum chamber the limits are with ±10 V more relaxed.
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Figure 4.19: Output characteristics of the semiconducting Device #t22 fabricated by trans-
fer onto Pd electrodes. (a) Linear plot and (b) logarithmic plot of the Ids-Vg transfer
characteristics for large Vds of up to 2000 mV. (c) Ids-Vds output characteristics for
steps of 1 V in Vg . In contrast to the branches of negative values of Vds where single
dual-sweeps are plotted for each Vg value, the branches of positive values of Vds are
averaged over three series of Vg steps. Alternating line colours are a guide to the eye.

the dimple etch, or down to 0.75 µm by excluding the thicker oxide layer (Poly1
as gate or non-standard use of Anchor1). Although thinning of the poly-Si as
an additional post-polyMUMPs etching step is possible, the upcoming limitation
might be the geometrical height needed to bend the nanotube to be transferred
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Figure 4.20: Illustration of the cross-section of Device #t2 fabricated by transfer, to scale.
Device #t2 was fabricated by transfer onto the design with reduced gate separation of
3.5 µm. The reduced gate-to-nanotube distance compared to the design of Device #t1
with a gate separation of 5.5 µm is expected to reduced the required Vg magnitude to
modulate the transistor.

properly around the edges of the receiving electrodes. Moreover, nanotubes can
be attached on the bottom of the arms of the fork rather than on the top. As a
consequence, depending on the vertical orientation of the nanotube, the fork has
to be lowered below the receiving electrodes to bring the nanotube in contact
with the receiving electrodes. A proposed alternative allowing for small gate-to-
nanotube distances while providing enough vertical height for fork lowering is
as follows. The bottom gate could be replaced by a poly-Si bar, very similar to the
receiving electrodes, as sketched in Figure 4.21. The height reduction needed to
separate the gate from the nanotube can be fabricated by lithographically masked
etching, by thick depositions on the electrodes, or by FIB milling. The latter also
allows cutting the three electrodes out of a single bar of poly-Si. Hence, shorten-
ing the suspended length of the nanotube below typical feature sizes in photo-
lithography are possible. In contrast to direct growth, the risk is eliminated that
nanotubes attach inadvertently on the gate during the waving growth: The nano-
tube on the fork has already spanned a distance corresponding to the separation
between source and drain electrodes. The nanotube is constricted by the height
of both S and D electrode upon lowering the fork. Thus, the suspended nanotube
can be placed very close to the gate while stiction to the gate is not to be expected.

Moreover, out-of plane actuators, for instance electrostatic rocker actuators,
might be used to mechanically tune the gate-to-nanotube distance.

Inspired by a concept presented by E. Cagin, the poly-Si electrodes themselves
could be employed as gates. The source and drain contacts could be provided by
pre-fabricated leads (lift-off) which are to be decoupled by an oxide and a poly-Si
gap (Section 3.4.3).
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Figure 4.21: Illustration of the cross-section of a concept for reduced gate distance by a
FIB-milled gate implemented on a poly-Si bar instead of using the Pd-coated Si3N4 as
bottom gate. Milling/etching is to be completed before nanotube transfer.

4.6 STEM imaging of metal contacts
A sample holder was purchased from Gatan to accommodate a wire-bonded Region of

InterestMEMS die inside the latest Cs-corrected STEM at EMEZ (Appendix B.2.4). Fig-
ure 4.22a,b shows the comparison of finding a region of interest in the TEM CM12
and in the STEM HD-2700Cs. STEM-mode with secondary electron detector fa-
cilitates finding of the region of interest compared to conventional TEM.

STEM images of Pd metal clusters on a suspended bundle of nanotubes suspen- Pd

ded across MEMS supports were recorded at 200 kV as shown in Figure 4.22d-f.
The high-magnification STEM image shown in Figure 4.22h, and the correspond-
ing intensity profile of Figure 4.22g, demonstrate atomic resolution of crystal lat-
tices of a Pd cluster on a poly-Si MEMS support.

Figure 4.22c shows a nanotube segment between two supports consisting of
ContaminationALD Al2O3 . A rapid build-up of carbonaceous contamination was observed. Op-

eration at 80 kV increased contrast.
The HD-2700Cs offers possibilities for future chemical analysis, like probing Outlook

oxidation of electrical contacts. However, the HD-2700Cs is a dedicated STEM
and not capable of switching to TEM mode. Electrical feedthroughs will enable
investigation of electromigration and straining of SWNTs at increased resolution.

4.7 Stability of threshold voltages
The threshold voltage Vth (Appendix B.1.5) is one of the possible measurands to Gas Sensors

be used as sensor output signal. For the gas sensors with surface-bound CNTs Vth
Fluctuationsinvestigated by M. Mattmann [298], Vth was found to fluctuate in a range of

∆ Vth≈±1 V in synthetic dry air for a Vg range of ±7.5 V ([298] Chapter 7, Figure
7.2.). A surface-bound CNFET fully passivated by ALD Al2O3 ([298] Figure 7.5.)
showed reduced fluctuations of about ∆ Vth≈±0.55 V, in a 64 h long measure-
ment (neglecting the initial 8 h), respectively ±0.25 V in 2 h – which indicates an
improvement compared to the CNFET with the channel exposed to dry air. How-
ever, for gas sensing, the channel has to be exposed to the environment which
also renders questionable whether the intrinsic fluctuations attributed to charge
traps could be permanently reduced by annealing strategies. Some improve-
ment can be achieved by long-time averaging and by defining more stable signal
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4 Characterisation: Ultraclean, suspended CNFETs

Figure 4.22: Scanning transmission electron microscopy. Comparison of finding region of
interest (a) in standard TEM and (b) in STEM HD-2700Cs using the SE detector. (c) SE
image of carbon nanotube bridging between MEMS structures and clamped by Al2O3 .
Carbonaceous deposition was observed. (d’) A SWNT clamped by Al2O3 imaged in
phase contrast mode. (d-f) Pd metal clusters deposited on suspended carbon nano-
tubes imaged in phase contrast, ZC and SE mode. (g) Intensity profile line of a Pd
contact metal cluster shown in the STEM image of (h) demonstrating atomic resolu-
tion of crystal lattices. (i) MEMS die accommodated by the dedicated Gatan MEMS
sample holder in vertical orientation. (j) The printed circuit board features 8 leads and
is assembled using screws.

output calculation schemes, such as computing the area enclosed by Idsand the
Vg axis in a certain Vg range [298]. However, to massively improve the signal-to-
noise ratio (SNR), a reduction in fluctuations is unavoidable.

Suspended and non-suspended nanotube devices were compared by Lin etSuspended vs.
Surface-Bound al. [36] with respect to noise. The suspended section of the same nanotube ex-

hibited an approximately 10-fold reduced noise amplitude. Mattmann suggests
that this indicates that charge traps typically occurring in and on the gate oxide
may be responsible to a large extent for the observed fluctuations. A reduction
of these fluctuations is essential for NO2 sensors and probably for individual-
nanotube-based gas sensors in general. Mattmann stated in his outlook: „The
most important issue to be addressed next [. . . ] is the high level of intrinsic fluc-
tuations.“ [298].

The suspended CNFET fabricated by shadow masking or transfer showed toUltraclean
Suspended be free of hysteresis, which means Vth,forward and Vth,backward are identical. A

dual-sweep measurement, recorded typically within a minute, hence approves
threshold voltage stability within mid-term time scales. The stability of Vth over
extended time scales is of importance for sensing applications. This section eval-
uates the stability of Ids and the Vth-stability on longer time scales for suspen-
ded nanotubes that are integrated using the resist-free and oxide-covering ap-
proaches.
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4.7 Stability of threshold voltages

4.7.1 Stability of threshold voltages in CNFETs
The threshold voltage Vth is extracted by fitting a linear curve at the steepest slope Vth Extraction

and extrapolating to zero Ids. The number of Ids data points used for curve fit-
ting has to be selected carefully as explained in the following. A p-branch is
considered, where Ids is decreasing for more positive Vg . If the range of measure-
ment points is extended over a too far Vg range, the linear fit will yield a too flat
slope. Consequently, Vth is extracted to be more positive than it actually is. In
case of too few data points, the fit of the slope may be less reliable. A MATLAB®

routine was programmed to define the range of measurement points. The highest
current, Ids f it max, and the lowest current, Ids f it min, were optimized iteratively by
minimising the average Vth for the ensemble of gate voltage sweeps.

Threshold voltage stability of CNFET fabricated by shadow masking
Figure 4.27b, presented later in the context of encapsulation, shows Ids-Vg curves Several Days

of Device #s5 fabricated by shadow masking (before encapsulation). The meas-
urements were taken on day 1, day 6 and day 12 after Pd evaporation. Table 4.4
shows the forward and backward threshold voltages for the p-branch.

Compared to the threshold voltage fluctuations reported by Mattmann on the Vth

order of volts, the Vthwas more stable here, represented by an average forward
(and reverse) threshold voltage of 0.162 V (0.163 V) with a standard deviation of
±0.030 V (±0.032 V) for the seven scans at a gate voltage range of −20 V to 20 V.
The standard deviation of Vth for forward and reverse gate sweeps was 0.074% of
the full gate range. Despite the fact that the on-current decreased over the days,
the maximum difference in Vthwas 0.08 V.

Although these measurements are sparsely distributed over 12 days, Conclusion

the observed ∆ Vth≈±0.08 V appears to be relatively small. Continuous
Vthmeasurements are presented later for Device #t4.

The hysteresis, Vth,forward−Vth,backward, was -2±5 mV. Hysteresis is typically Hysteresis

Discussioneither advancing or retarding. The negligibly small hysteresis width of 0.002 V
is within the uncertainty not enough to determine whether the hysteresis is ad-
vancing or retarding. This justifies the attribution of the term hysteresis-free. The
mismatch in current at the off-state for the forward and reverse gate sweep in the
first scan of day 6 cannot be attributed to hysteresis as the position of the swing
is unchanged. It is rather an incomplete off-switching of the transistor channel of
unknown reason.
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Table 4.4: Threshold voltage of CNFET #s5 fabricated by shadow masking of Pd. Vth is
extracted by linear fit in the region of steepest slope of the transfer characteristics.

Day 1 Day 2 Day 12

Vth,forward [mV] 168 203 199 132 152 135 142
Vth,backward [mV] 168 213 200 134 146 138 144

Vds mean
Vth±stdev.

max.
Vth

min.
Vth

No. of
sweeps

time
spana

Ids f it max Ids f it min mean
R2

f it
[mV] [V] [V] [V] [-] [d] [nA] [nA] [-]

25 0.162±0.031 0.213 0.132 7 12 ~10 b ~1 b 0.991
a distributed as sets of 3 or 2 dual gate sweeps on day 1, day 6 and day 12
b 3 data points around 0 Vg at steepest slope

Threshold voltage stability of CNFET fabricated by transfer
Figure 4.23a shows the Ids-Vg characteristics for Device #t4 fabricated by transfer.(35,9) CNFET

The chirality was assigned by electron diffraction to be (35,9). The semiconduct-
ing behaviour matches the structure assignment.

Figure 4.23b shows the threshold voltage extracted from 246 gate sweeps recor-Vth Stability

ded arbitrarily over a period of 5 h. Vds was 50 mV. The average threshold voltage
Vth was 0.366 V with a standard deviation of 0.013 V. The minimum Vth was
0.346 V, the maximum Vth was 0.407 V. The values for Vds of 25 mV and 12.5 mV
are summarised in Table 4.23.

The frequency spectrum of Vth recorded over a time span of 62 h is shown in1/f-Noise

Figure 4.23c. As comparison, a frequency spectrum is given for a surface-bound
CNFET fabricated by K. Chikkadi using resist-based lithography.

Ids values for constant Vg are shown in Figure 4.23d using a logarithmic scale.Ids Stability

Three data sets, consisting each of 4000 data points recorded in 3 min, were recor-
ded subsequently. The variation in Ids was generally observed to be larger in the
on-state than in the threshold region or in the off-state.

After maximising the slope of the linear fits by optimizing Ids f it max and
Ids f it min, 19 to 22 data points were included for Vds = 50 mV for the full set of
246 sweeps, and 8 to 10 data points for the subset of 40 sweeps. 7 to 12 points
were included for 25 mV and 6 to 10 points for 12.5 mV.

The CNFET #t4 fabricated by transfer exhibited a difference of 0.06 V betweenConclusion

the minium and the maximum Vth measured within 5 h. ∆ Vth≈±0.03 V is much
less than the Vth fluctuations observed in surface-bound devices [298].

Operation at static Vg values unequal 0 V is possible without substantial drift.
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Figure 4.23: Vth-stability of Device #t4 fabricated by transfer. The transistor channel is an
individual, 3.1-µm-long SWNT of chirality (35,9). (a) Ids-Vg characteristics for Vdsof
50 mV, 25 mV and 12.5 mV. 5 dual gate sweeps are plotted for each Vds. Inset is in
linear scale. (b) Vth values of 246 gate sweeps in chronological order (arbitrary time
steps). Overall time span was 5 h. Dots are for Vth extracted at Vds = 50 mV. Open
circles correspond to Vds = 25 mV. The thick line is the 9-point moving average. (c) The
frequency spectrum of Vth recorded over a time span of 62 h. The measurement was a
collaboration with K. Chikkadi. Data for Device #t4 is labelled by a square. Data for a
surface-bound, lithographically top contacted CNFET on SiO2 is shown as comparison
by courtesy of K. Chikkadi. The approximated values for the gas sensor device of M.
Mattmann [298] p.101 is indicated by open circles. (d) Ids measurement at constant Vg .
Three consecutive data sets of 4000 data points each were recorded within 9 min.

Table 4.5: Threshold voltage of CNFET #t4 fabricated by direct transfer onto Pd electrodes.
Vth is extracted by linear fit in the region of steepest slope of the transfer characteristics.

Vds mean
Vth±stdev.

max.
Vth

min.
Vth

No. of
sweeps

time
spana

Ids f it max Ids f it min mean
R2

f it
[mV] [V] [V] [V] [-] [h] [nA] [nA] [-]

50 0.366±0.013 0.407 0.346 246 5 6.38 2.02 0.929
50 0.372±0.014 0.420 0.348 40 b ~2 4.92 2.32 0.986
25 0.371±0.021 0.423 0.323 60 4 2.21 1.12 0.975
12.5 0.388±0.031 0.447 0.287 40 4 1.18 0.66 0.977
a sparsely distributed as sets of 5 successive dual gate sweeps
b subset of the 246 sweeps
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4 Characterisation: Ultraclean, suspended CNFETs

Low drift is important for gauge factor tuning [26]. Reduced noise is indic-
ated by comparison with surface-bound devices. The CNFET #s5 fabricated
by shadow masking showed a maximum difference of 0.08 V in Vth. For a con-
clusive comparison between transfer and shadow masking more data would be
needed. However, both fabrication methods result in devices with strongly re-
duced Vth fluctuations compared to earlier presented devices (~±0.5 V) [298].

4.8 Encapsulation by atomic-layer-deposited Al2O3

Passivation of contacts by encapsulation is of interest for gas sensing applications.Overview

A dry process flow for zero-level passivation was described in Section 3.6. The
surface-selective Al2O3 deposition requires clean and defect-free nanotubes.

Following Jungen et al., the D-mode in Raman spectroscopy indicates amorph-CNT Quality

ous carbon deposition and/or defect density and was used to tune the H2/CH4
ratio during SWNT growth [126]. Figure 4.24a shows a typical spectrum of the
SWNT material grown by CCVD. The intensity peak for the defect mode (D) at
1350 rel. cm−1 is buried in the noise which is an indication of good SWNT quality.
Figure 4.24c shows a TEM image of a suspended SWNT protruding from a poly-
Si support tip. The nanotube has a constant diameter which corroborates the
high crystallinity found by electron diffraction (Section 4.2). Figure 4.24b shows
a single nucleation site of Al2O3 from atomic layer deposition on a suspended
SWNT. The low density of nucleation sites on individual SWNTs is an indication
of low defect density and low amorphous carbon deposits.

Figure 4.24: (a) The high ratio between tangential mode (G) and defect mode (D) intensity
in the Raman spectrum is an indication for high-quality SWNTs. (b) SWNT and a
single Al2O3 bead formed by atomic layer deposition indicating a low defect density.
(c) TEM image of a straight SWNT. Part of the carbonaceous deposits were deposited
during imaging. Adapted and reprinted from Nature Nanotechnology, supplementary
information [285]. © Macmillan Publishers Limited, 2010.
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4.8 Encapsulation by atomic-layer-deposited Al2O3

In Figure 4.25a,b, the electrical transfer characteristics of Device #t3 and Device ALD

#t8 are shown before and after encapsulation by ALD Al2O3 . The thickness of
Al2O3 was 40 nm and the deposition temperature was 300 °C.

For both devices, the n-type branch became pronounced and the off-state was Towards
n-Typeshifted towards more negative gate potentials.

The n-branch of Device #t3 showed a minute hysteresis of 18±23 mV based on Nearly
Hysteresis-freethe evaluation of Vth(extrapolated line at steepest slope). When evaluating the

hysteresis at an Ids level of 65 nA (to suppress the influence of the weak on/off
ratio causing relatively large Vthreadout uncertainty) the hysteresis was 5±10 mV
after ALD deposition at 300 °C. The gate sweeps remained basically hysteresis-
free after ALD. For Device #t8 a discrepancy between the successive gate sweeps Drift

was observed. Within 5 successive sweeps a difference in Vth of ~0.1 V was ob-
served. However, as indicated by later sweeps (labelled in Figure 4.25b by the
numbers 1 and 6), the mismatch between Ids-Vg traces has to be attributed to a
general drift, rather than to typical hysteresis. The hysteresis between forward
and backward sweeps was 28±28 mV after Al2O3 deposition.

Before encapsulation, Ids of Device #t8 was fluctuating at Vds = 50 mV and espe- Switching

cially pronounced for the sweeps at Vds = 25 mV which exhibited even switching-
like behaviour. The reason for this is currently unknown, however, it might also
contribute to the drift observed after ALD.
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Figure 4.25: (a) Device #t3 before and after atomic layer deposition of 40 nm Al2O3 at
300 °C. The gate sweeps remained hysteresis-free after ALD. The n-type branch be-
came pronounced. (b) Device #t8 before and after atomic layer deposition of 40 nm
Al2O3 at 300 °C. Switching-like drift in Ids before ALD is highlighted by the dotted ar-
row. After ALD, a series of gate sweeps was recorded at 50 mV (black dashed arrows).
30 min later, a second series of gate sweeps was recorded (grey dashed arrows). The
single sweeps show negligible hysteresis, but a general drift is occurring (indicated by
number 1 and 6).

Figure 4.26 shows SEM images of Device #t7 which suffered (ESD?) dam- Surface
Selectivityage during ALD encapsulation. The close-ups in 4.26a,b show not any ALD

Al2O3 bead on the suspended part of the nanotube. The absence of beads in-
dicates that the deposition of the passivation was indeed surface-selective.
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4 Characterisation: Ultraclean, suspended CNFETs

Device #t8 was integrated on a MEMS tensile stage 5.4. The electromechanicalCompatibility
with MEMS response of the encapsulated Device #t12am will be shown in Figure 5.8a.

After storage for two months, Idsof Device #t12am was found to have slightlyLong-Term

increased. To prove enhancement of long-term stability by passivation, contacts
know to be prone to degradation such as Cr/Au should be investigated.

Surface-selective nucleation of atomic-layer-deposited Al2O3 is compatibleConclusion

with MEMS-embedded CNFETs. Single dual sweeps show negligible hysteresis
even after contact passivation by 40 nm Al2O3 grown at 300 °C, but a general drift
was occurring for Device #t8.

Figure 4.26: (a) Device #t7 after atomic layer deposition of 40 nm Al2O3 at 300 °C. The en-
capsulation was not nucleating on the suspended nanotube section between the Pd
contact electrodes. The device was fabricated by transfer.

4.8.1 Hysteresis-induction by non-selective ALD Al2O3
Figure 4.27 shows Device #s5 electrically measured before and after atomic-layerCNFET #s5

deposition of Al2O3 at a reduced temperature of 150 °C on a sample with excep-
tionally much amorphous carbon. As published in Physica Status Solidi B [104],
before the deposition of Al2O3 , no hysteresis was observed in the suspended
CNFET fabricated by shadow masking. Figure 4.27b shows the Ids response to
continuous Vg sweeps at 0.9 V/s on different days: on day 1 shortly after Pd evap-
oration, later on day 6, and on day 12. On day 1, the three current plots nearly
coincided for the p-type range. The weak currents at positive Vg shifted slightly.

After storage in N2, the characteristics were similar on day 6. However, theStorage

maximum on-current was reduced. After storage in vacuum until day 12 and 2 h
exposure to ambient air directly before the measurement, the Ids-Vg curves were
still free of hysteresis. The maximum on-current was decreased a little more.
Every 2nd scan on each day achieved slightly higher on-currents than the first
scan of a measurement session. Stability of Vth was discussed in Section 4.7.1.

Figure 4.27d shows a comparison of the Ids-Vg curves before and after cover-Encapsulation

age of the CNFET channel by 40 nm Al2O3 deposited at 150 °C. Large hysteretic
effects were observed. The three consecutive scans starting at Vg = 0 featured a
threshold voltage in forward sweep direction (Vg moving towards positive bias,
arrows above the graph) at around−12 V. The current did not turn off completely
for the forward scan. For reverse sweeps, a threshold voltage of approximately
−3 V was observed. For gate sweeps to ±20 V, hysteresis on the order of volts
occurred. The change from p-type towards n-type is consistent with the observa-
tions for devices #t3 and #t8 (Figure 4.25).
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4.8 Encapsulation by atomic-layer-deposited Al2O3

Figure 4.27: Effect of low-temperature atomic-layer-deposited Al2O3 on gate hysteresis.
(a) Schematic of a suspended nanotube transistor fabricated by shadow masking. (b)
Hysteresis-free Ids-Vg characteristics of Device #s5, measured over several days in am-
bient conditions. Forward and reverse sweeps are plotted. The subthreshold swing
was 110 mV/dec. Ron, day 1 = 437 kΩ. Ron, day 6 = 536 kΩ. Ron, day 12 = 591 kΩ . Vds was
25 mV. The Vg sweep rate was 0.9 V/s. (c) Schematic of the same suspended CNFET
after additional deposition of Al2O3 . ALD at a low deposition temperature of 110 °C
was non-selective on a sample with exceptionally much amorphous carbon deposition
during CCVD. (d) Hysteresis and threshold voltage shifts were observed after the non-
selective deposition of Al2O3 . For comparison, the hysteresis-free scan 2 on day 12
before ALD is plotted (circles). Vds was 25 mV. (e) Inclined SEM image of Device #s5.
(f) TEM images recorded after the electrical characterisation. At the source (S), the
nanotube is attached to the bottom of the electrode and consequently the deposited Pd
is discontinuous. ALD Al2O3 wrapped around the CNT. The gap between nanotube
and backgate was 3 µm. The edge of the die is visible and appears to be closer to the
nanotube due to tilted-view observation (3.5.2). Adapted and reprinted from Physica
Status Solidi B [104]. © Wiley-VCH 2011.

Figure 4.27e shows an inclined SEM image of Device #s5. Figure 4.27f shows Electron
Imagingthe corresponding TEM images. The entire length of the CNFET channel was

covered with ALD Al2O3 except of a short gap. The gap did not contain a nano-
tube and is attributed to a rupturing event observed as sudden current drop dur-
ing a slow Vg sweep (Quiet mode) to −30 V.
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4 Characterisation: Ultraclean, suspended CNFETs

The suspended CNFET proved to stay hysteresis-free over several days andDiscussion

exhibited stable p-branch threshold voltages when measured in ambient air. Cir-
cumventing any resist- or wet chemistry-based processes after nanotube syn-
thesis allows integration of suspended CNTs as transistor channels free of re-
sidual resist. The exclusion of defect-prone oxides in the vicinity of the CNT
is regarded as essential to omit hysteresis.

Inducing hysteresis in a previously hysteresis-free device by adding an oxideInduced
Hysteresis layer demonstrated that the deposition of oxide can contribute to hysteretic ef-

fects. Comparing the hysteresis-free Ids-Vg characteristics directly before and
after ALD Al2O3 coverage allows attributing the observed hysteresis to the pres-
ence of the additionally deposited Al2O3 and/or its interfaces. Pronounced hys-
teresis was observed, which could possibly be related also to electrochemical ef-
fects in addition to charge trapping. However, it cannot be rule out that also the
Pd contacts changed during the ALD process at a temperature of 150 °C. As to
be shown in Section 4.8.3, no hysteresis is induced if the sample is heated in the
N2-purged ALD chamber to even higher temperatures but without deposition.
Hence, the hysteretic effects are suspected to be caused by trap states and pos-
sibly due to water adsorption on the Al2O3 surface. H2O adsorption is known as
one cause for hysteresis with SiO2 [28] and may be enhanced by the large hydro-
philic [300] surface of Al2O3 .

Charges directly injected from nanotubes into dielectrics [31] have been mod-Charge
Injection elled to shift the forward threshold voltage of the p-branch towards more negat-

ive gate potentials [301], which is in agreement with our observations. The part
of Al2O3 wrapped around the CNT channel is more prone to charge injection
than the Al2O3 on the gate due to larger electric field strengths at the nano-scale
curvature of the CNT surface. Following Fuhrer et al. [302], V. Döring calculated
the electric field at the nanotube/Al2O3 interface to be as high as 4 MV/cm at
Vg = 20 V for our geometry. This is close to typical breakdown voltages of ALD
alumina which are between 5 and 10 MV/cm [303]. Substantial charge injection
is suspected to have caused device damage at−30 V. Charge injection alone, how-
ever, is not able to account for the complex changes in transconductance. It may
be speculated that mobile ions present in the water layer may contribute to dy-
namic effects too.

ALD at higher temperatures is known to provide higher quality layers withLayer Quality

less (hydrogen) impurities [303, 304] and reduces hysteresis in previously hys-
teretic non-suspended devices [89]. Additionally, post-deposition annealing can
diminish hysteresis [57].

The dips in conductance in the n-branch, and the shifted dips after ALD, aren-Branch

not expected for an ideal SWNT. While not being able to properly explain the
cause, it might be speculated that disconnected Pd metal segments on the nano-
tube at the source electrode induced disorder and/or even confinement.

In contrast to the surface-selective ALD (3.6), the Al2O3 deposition is hereNon-selective

rendered non-selective, covering the whole CNT, which is attributed to enhanced
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4.8 Encapsulation by atomic-layer-deposited Al2O3

amorphous carbon deposition during nanotube growth and a pronounced D-
band (the intensity ratio of G-mode to D-mode was ~10). A higher depos-
ition temperature of 300 °C indicated reduced nucleation on less ideal nanotubes,
while here deposition took place at 150 °C.

Passivation by ALD Al2O3 deposited at 150 °C was observed to introduce hys- Conclusion

teresis into a previously hysteresis-free suspended nanotube field-effect tran-
sistor. The extraction of electrical device properties before and after an indi-
vidual processing step provides an insight into the fundamental issue of hyster-
esis, which is of particular relevance for nanoscale devices with electrical field-
strength enhancement due to nanoscale dimensions. The Al2O3 deposition at
higher temperature (300 °C, 4.8) resulting in negligible hysteresis indicates the
influence of layer quality.

Measurements in vacuum may clarify the amount of hysteresis to be attributed Outlook

to water adsorption on fully covered transistor channels.

4.8.2 Transistor polarity
Transistors with contacts formed of high work function metals are typically uni- Polarity

polar p-type because of Schottky barriers at the contacts. Conversion to n-type
behaviour, or towards ambipolar behaviour, can be induced by annealing and
operation in vacuum [88, 305] p.226, p.68. The change from p-type to n-type con-
duction is attributed to the desorption of O2 from the metal surface [183]. During
ALD oxygen can be crowded out by the N2 carrier gas.

For Device #s5, shown in Figure 4.27, a change from p- towards n-type char- Towards
n-typeacteristics was observed. The non-selective ALD deposition included a flushing

step at 110 °C at low-pressure in N2. Also for selective deposition on the contacts
at 300 °C, devices #t3 and #t8 (Figure 4.25), a change towards n-type conduction
was observed. The influence of heating during ALD is tested as follows.

4.8.3 Effect of heating during passivation process
The deposition of the passivation layer by ALD includes loading of the sample Aim

onto a hot wafer carrier (chamber temperature 110 °C) and unloading at typically
even higher temperatures. While the unloading is regarded to be non-critical as
the contacts are passivated at that stage, the loading and also the storage before
passivation (exposure to oxygen) can possibly influence the device characteristics.
For the semiconducting CNFET Devices #s5 (Figure 4.27) and #t4 (4.23), storage
of the Pd contacts resulted in small changes of the Ids magnitude while Vth was
quite stable. RTA tested on Device #t1 (4.5.5) left-shifted Vth.

To indicate the effect of storage and heating during ALD the SGS-nanotube Experiment

Device #t9 was stored and exposed to the loading/heating/unloading sequence
of the ALD process, but without deposition of a passivation layer (0 nm Al2O3 ).

Figure 4.28 shows Ids-Vg curves for the CNFET Device #t9 fabricated by trans- Device #t9

fer. The first series was recorded on day 1 after transfer. For 50 mV, 15 dual gate
sweeps distributed over a time span larger than 30 min are plotted. After storage
for 5 days in ambient cleanroom environment, the measurement was repeated.
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4 Characterisation: Ultraclean, suspended CNFETs

The values of Vthand the hysteresis width are listed in Table 4.6. The maximum
current Imax increased slightly for both the p-branch and the n-branch.

After loading the sample into the ALD chamber at 110 °C, pump-down, heat-Heating

ing in N2 to 300 °C, and unloading at 200 °C, the measurement was repeated.

Table 4.6: Threshold voltage Vth and hysteresis for the p-branch of Device #t9 shown in
Figure 4.28.

Condition Threshold voltage [V] Hysteresis [V]

As-transferred 1.18±0.011 V 0.012±0.014
After storage in air for 5 days 0.70±0.004 V 0.003±0.004
After templated ALD (0 nm) −0.20±0.014 V −0.002±0.013
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Figure 4.28: Influence of storage in air and heat cycle during ALD reactor conditioning
in N2 at 300 °C. Device #t9 was fabricated by transfer. (a) Ids-Vdscharacteristics after
transfer onto the Pd electrodes (crosses), after storage for 5 days in ambient cleanroom
environment (circles), and after heating (squares) in N2 to 300 °C (loading into the
ALD chamber at 110 °C, unloading at 200 °C). Vdswas set to 50 mV, 25 mV, and 12.5 mV
unless labelled differently. Several dual gate sweeps are plotted, for the as-transferred
condition with Vds = 50 mV 15 gate sweeps are plotted which were recorded within a
time span larger than 30 min. The gate sweep rate was 0.6 V/s. (b) Zoom to the same
data but for Vds = 50 mV exclusively and in linear scale.

The Ids-Vds characteristics remained hysteresis-free after loading/heating/un-Discussion

loading. A slight change in transistor polarity towards n-type was observed. For
the SGS-nanotube device, a substantial shift in Vth occurred during storage in
air and after unloading from the templated ALD run. In contrast to temporary
Vth left-shifts for N2 flushing at room temperature, the shift after heating does
not disappear within minutes. Prolonged measurement are needed to evaluate
whether the Vth will right-shift after long exposure to ambient conditions.

The shift in threshold voltage had the same direction as for devices whereConclusion

Al2O3 was deposited. The absence of hysteresis after 0 nm ALD Al2O3 indicates
that the hysteresis observed for Device #s5 (Figure 4.27) is not related to possible
oxidation of the contacts during loading into the ALD chamber.
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5 Mechanical loading of
suspended CNTs

5.1 Motivation
Nanotubes were mechanically strained by MEMS actuators and characterised by Electro-

mechanical
Transducers

combining TEM, Raman and displacement measurements to enable evaluation of
nanotubes as strain gauges and as tunable resonators. Piezoresistive responses
of ultraclean nanotube transistors to uniaxial strain were recorded and nanotube
chirality was measured to pave the way for model validation.

Parts of this chapter were presented at the IEEE MEMS12 [2], IWEPNM11 [5],
and at IEEE MEMS13 [306].

5.2 Phonon shifts at defined strain in TEM-characterised SWNTs
As-grown, strained SWNTs were characterised by Raman spectroscopy and trans- Overview

mission electron microscopy. Tensile load was applied by micro actuators with
characterised displacement output. Based on the quantitatively characterised dis-
placement, chirality-dependent shift rates of the G-mode phonon frequency were
deduced. Part of this section was presented at the IWEPNM 2011 [5] and includes
contributions of J. Grimm [307].

Figure 5.1a shows a tip pair for nanotube straining. While one tip is anchored, Experiment

the other one is linked to a shuttle driven by the actuator (Section 3.4.1). SWNTs
were grown by CCVD and bridged between oxidised poly-Si tips as shown in the
SEM image of Figure 5.1b. Tip pairs with properly oriented nanotubes were iden- Raman

tified by confocal Raman mapping (Figure 5.1c) (14 tip pairs per actuator). Raman
spectra were obtained while operating the electrically heated thermomechanical Actuator

actuators in ambient air [307]. TEM imaging was employed to estimate the ori- TEM

entation of the nanotubes and to elucidate whether a bundle or an individual
nanotube had been measured by Raman. Chirality was determined by TEM elec-
tron diffraction. To relate the actuator driving voltage to the strain value of the
nanotube, the actuators were characterised in ambient air by optical image correl- PMA

ation using a planar motion analyzer (PMA). Voltage/displacement characterisa-
tion was performed as last step of the experimental sequence because the large
displacement ranges applied can rupture or detach the nanotubes.

Raman spectroscopy on strained, TEM-accessible nanotubes
The Raman spectroscopy map of a suspended single-walled carbon nanotube Device #m1

grown between a pair of actuated poly-Si tips is shown in the inset of 5.2b.
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5 Mechanical loading of suspended CNTs

Figure 5.1: (a) SEM image of a poly-Si tip pair. One tip is anchored, the other is connec-
ted to a movable shuttle (dashed arrow) driven by an electrically heated thermomech-
anical actuator (see Figure 3.13). (b) Inclined SEM image of a nanotube suspended
between a tip pair. (c) Raman intensity map of another tip pair, filtered for Si (tips)
and for G-mode (nanotube). Presented at IWEPNM 2011 [5].

By driving the thermo-electromechanical micro actuator, the tip array (see Fig-
ure 3.13) was retracted and the pristine nanotubes were strained. Figure 5.2a
shows the down-shifting of the G-peak position with increasing actuator driving
voltage. Figure 5.2b shows two spectra of the same device for actuation voltages
of Vact = 0 V, and Vact = 3.42 V. Both, G peak and D peak were down-shifted upon
strain. The weak Si peak position remained unchanged.

Four repetitive sweeps in Vact resulted in repeated down-shifting. The valuesDiscussion

of the fitted peak positions for the last Vact sweep are scattered more because
the peak intensity decreased. Probably, the intensity decreased since the device
drifted out of focus. Repeating the actuation is important to monitor possible slip-
page [20, 211]. The Si peak originates from the tips and not from the background.
Its position stability indicates that the parasitic temperature effect of the actuator
heating is small [212] p.70.

Figure 5.2: Raman spectroscopy on a SWNT integrated in a micro actuator. (a) Shift of
G-peak position upon strain for Device #m1. The phonon frequencies of the axially
strained SWNT are plotted for two actuator voltage sweeps from 0 V to 2.8 V and then
for two voltage sweeps from 2.2 V to 3.6 V. (b) A spectrum in the unstrained state (0 V)
is compared with a spectrum at 3.42 V actuator driving voltage. This voltage corres-
ponding to 2% strain as deduced by the planar motion analyzer (see Figure 5.4 and
the TEM images in Figure 5.3). The inset shows the corresponding Raman map in the
unstrained state. Presented at IWEPNM 2011 [5].
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5.2 Phonon shifts at defined strain in TEM-characterised SWNTs

TEM imaging and chirality assignment by electron diffraction
Figure 5.3a shows the TEM image of the tip pair corresponding to the Raman TEM

measurements of Figure 5.2 (Device #m1). In TEM, a nanotube was found at the
top of the tips. The nanotube is an individual one, as shown in the close-up.

The corresponding electron diffraction is shown in Figure 5.3b. The nanotube Electron
Diffractionis single-walled. A chiral angle θ of 27.3±0.2° was determined according to the

layer line spacings. The diameter was extracted to be 1.65 nm based on the equat-
orial line intensity interval including intrinsic layer line spacing correction [296].
The intrinsic layer line spacings result in nexp = 13.32 and mexp = 11.03 (Equations
B.29 and B.28). The m/n ratio is 0.85 (Equation B.23). The chirality (13,11) with
[1.629 nm, 27.26°] and m/n = 0.846 matches best to the extracted values. The
closest alternative is (14,12) [1.7645 nm, 27.46°]. The simulated pattern [95] for
(13,11) nanotubes fits better than the one for (14,12).

The nanotube signal disappeared during Raman measurements at large actu-
ator displacements. In the subsequent TEM investigations, a nanotube was found
which had slack and was out of focus apart from the anchoring points at the tips.
Upon irradiation, the nanotube zipped closer to the tips and was straightened
as shown in Figure 5.3a. This nanotube is expected to be the one giving rise to
the Raman signals, as it is the only nanotube found within the focal depth of the
Raman measurement.

Figure 5.3: TEM investigation of the individual SWNT found between the tip pairs were
the Raman measurements shown in Figure 5.2 were taken (Device #m1). (a) TEM
image of the tip pair of Device #m1 showing a suspended nanotube. The inset reveals
an individual nanotube. (b) Electron diffraction verified that the nanotube is single-
walled. The chirality of (13,11) was assigned. Presented at IWEPNM 2011 [5].

Nanoscale displacement calibration at ambient conditions
Nanoscale displacement would be readily measurable by electron microscopy. Non-vacuum

DisplacementBut the displacement output under vacuum conditions during electron micro-
scopy differs from the displacement output under ambient conditions during Ra-
man measurements. To overcome the discrepancy in displacement output due PMA

to reduced thermal dissipation under vacuum conditions, displacement was re-
corded under ambient air by a planar motion analyzer (PMA, POLYTEC GmbH)
relying on correlation of light microscopy images. As shown in Figure 5.4a, two
areas were identified, one on the moving shuttle and the other on a fixed anchor.
Measuring the relative displacement between the two areas rejects lateral drift
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5 Mechanical loading of suspended CNTs

and reduces the effect of vibrations. The displacement was measured at nine
different actuation voltages Vact .

For each value of Vact , ten voltage steps from 0 V to Vact and back to 0 VAveraging

were applied with a hold time of 20 s each. Three data points before and
after the transition were neglected. The remaining ~40 data points per voltage
level i were averaged to the position xavg, i. To suppress the offset, induced
by drift occurring between area definition and measurement start, the displace-
ment at each of the ten repeated levels of Vact was determined as: uavg, i(Vact ) =
xavg, i(Vact )−[xavg, i(0 V)+xavg, i+1(0 V)]/2. The standard deviation of uavg, i(Vact )
for all i was ≤10.1 nm for all Vact , 5.8 nm on average. The final displacement
value attributed to Vact was the average of all uavg, i(Vact ) for i∈ {1 . . . 10}.

As a simple validation, the displacement was extracted for Vact = 0 V. The finalTest

displacement value attributed to zero displacement was 0.07±2.66 nm, measured
by light microscopically means utilising image correlation.

The displacement-voltage data for the actuated tip of Device #m1 are plotted inDisplacement

Figure 5.4a. The displacement relation u(Vact ) = 9.437·Vact
2−7.262·Vact [nm] was

fitted as second-order polynomial. The resulting coefficient of determination is
R2 = 0.9978.

The length of the suspended nanotube segment was 3.15±0.2 µm, based onLength

TEM side view images. A shift rate of −13.1±1.9 rel. cm−1/(% strain) was ex-G-Mode Shift
Rate tracted while initial slack (or slippage) was detected and taken into account by

defining 0% strain at the displacement value where the G-peaks started to shift.
Misalignment with respect to the direction of motion influences the effect-Orientation

ive strain of the nano-object under test [208]. A nanotube inclination of 11°
was observed on the TEM side view images. A displacement δutip of the actu-
ated tip (gap enlargement) results in an attenuated displacement δuCNT along
the inclined nanotube. The attenuation factor for the slightly rotating nano-
tube is 0.982 for small displacements (0.984 at 500 nm displacement). The in-
clination of the nanotube in top view is smaller than 8° which corresponds it-
self to a displacement attenuation of 0.990. The strain in the nanotube is over-
estimated when using δutip instead of δuCNT . Consequently, the shift rate of
−13.1±1.9 rel. cm−1/(% strain) has to be taken as lower limit.

The suspensions of the shuttle ensure in-plane motion and out-of-plane motionMotion

was negligible for the actuator designs with transmission rods (Figure 3.13).
Another nanotube device fabricated by direct growth on SiO2/poly-Si wasDevice #m2

measured (not shown). For Device #m2, a lower limit for the G-peak
shift rate with strain of −15.8±0.6 rel. cm−1/% was extracted, after correct-
ing the effects of initial slack and/or slippage. The distance between the
tips at the initial positions was 3.6±0.1 µm. The tip displacement relation
u(Vact ) = 8.837·Vact

2−3.949·Vact [nm] was fitted (R2 = 0.9969). According to the
second order polynomial fit, the onset of displacement is expected at 0.45 V. This
is lower than for the first actuator with a displacement onset at 0.77 V. The inter-Discussion

polation of the displacement fit predicts that displacement requires a minimum
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5.2 Phonon shifts at defined strain in TEM-characterised SWNTs

actuation voltage. This was confirmed by in situ TEM observations. Also under
vacuum conditions, no displacement was observed for small voltages. The reas-
ons might be related to the stiffness of the hinges of the transmission rod and/or
to initial stress in the actuator beams.

At a Vact of 3 V, which can be considered to be the working point for large strain, Actuator
Comparisonthe two different actuators displace the tips by u(Vact ) = 63.2 nm and 67.7 nm re-

spectively according to the fit. This corresponds to a relatively small discrepancy
of 3% in Vact to reach the same displacement for both actuators.

The same actuator type was operated under vacuum conditions inside a TEM. Vacuum/Air

The relation u(Vact ) = 35.25·Vact
2−19.22·Vact was fitted (R2 = 0.9944). A calculated

displacement of 63.2 nm would be obtained a Vact = 1.637 V. The displacement
output was roughly 4 times larger under vacuum conditions than in ambient
air. The displacement is strongly changed due to the lack of heat dissipation via
convection of air. This underlines the importance of calibrating the actuators for
Raman experiments by the PMA in air.

Figure 5.4: The actuator displacement was calibrated by optical image correlation at the
same ambient conditions as present during Raman experiments. (a) Optical image
recorded by the planar motion analyzer (PMA, Polytec) where two areas were iden-
tified for differential displacement measurements. Area A is the search pattern for
the moving tip. Area B is the search pattern for the static anchor. The displacement
A−B is plotted in dependence of the actuator voltage. 160 nm displacement corres-
ponds to a 6% enlargement of the gap between the poly-Si tips. (b) A G-peak shift rate
of −13.1±1.9 rel. cm−1/(% strain) was extracted based on the displacement measure-
ments by PMA. Device geometry was deduced from TEM images. Initial slack and
slippage was detected and taken into account by defining 0% strain at the displace-
ment value where the G-peaks started to shift. Presented at IWEPNM 2011 [5].

By Raman mapping, 45 nanotubes were found to be suitably located between Slippage

tips. The nanotubes were grown directly on the oxidised poly-Si and were not
clamped by any metal or encapsulation. Only in two cases a G-peak shift was
observed [307]. Initial slack as well as slippage of SWNTs was often observed by
TEM (Section 5.3).
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5 Mechanical loading of suspended CNTs

Down shift of phonon frequencies in carbon nanotubes due to tension has beenDiscussion

predicted [308] and was measured by AFM manipulation of nanotubes on sub-
strates [214] and chirality dependence was shown for suspended nanotubes [201].
Compared with these works our shift rate values are in a similar range. Slipping
was observed to occur for long nanotubes on flat substrates over a length of sev-
eral microns [309]. The nanotube orientation and its bending around corners
of the microstructure may dictate whether the nanotube will slip or not. As
demonstrated for long nanotubes, reliable clamping can be achieved by evap-
orated metal contacts [167, 201].

Repeated shifts in the G-mode and D-mode of a SWNT were demonstrated.Conclusion

Compared to earlier work by Jungen [211], quantitative displacement calibration
for operation in air was obtained and strain was deduced. Optical image analysis
(PMA) characterised actuator displacement up to large displacements. Moreover,
the proposed actuation inside a TEM was demonstrated [2]. TEM enabled dis-
crimination between bundled and individual SWNTs. Chirality assignment of
nanotubes between actuator tips was shown which is of interest as the shift rate
is chirality dependent and (n,m)-assignment is desired for validation of theoret-
ical models [308]. The sharp tips promote small inclination angles, important to
translate the tip displacement in nanotube displacement with little rotational con-
tribution. Adhesion forces on oxidised poly-Si were only in few cases sufficient
to substantially strain SWNTs with overlap lengths of few microns.

5.3 Uniaxial loading of SWNTs inside a TEM
SWNTs were grown on poly-Si supports and optionally clamped by patternedOverview

metal evaporation. Electrically driven micro actuators displaced one of the poly-
Si support tips to induce strain on the nanotube (Section 3.4). The micro actuators
were operated inside a TEM to investigate the clamping conditions of suspended
nanotubes.

5.3.1 TEM imaging of mechanical contacts
Slippage of SWNTs grown on oxidised poly-Si tips was often observed uponSlippage

actuation. Initial slack was removed with increasing tip displacement. The
straightened nanotube was pulled further. After moving the actuated tips back to
the undisplaced state, the slack increased which has to be attributed to slippage
instead of straining.

By shadow masking, Pd was evaporated onto the poly-Si supports after nano-Pd Contacts

tube growth (Section 3.2). Figure 5.5 shows a TEM image series at different ac-
tuator displacements of Device #m3s. The nanotube started slipping at a strain
of ~5%, deduced by measuring the distances between the edge of the poly-Si tip
and metal markers (Pd beads) formed on the nanotube by shadow masking. At
0.9 V actuator bias, resulting in a displacement of 0.38 µm in plane, which cor-
responds to an elongation in tube direction of 19% (initial slack), the nanotube
slipped off the anchor. Thereafter, vibration of the single-clamped nanotube was
observed. Electron diffraction confirmed that the carbon nanotube consisted of
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5.3 Uniaxial loading of SWNTs inside a TEM

Figure 5.5: TEM images of in situ tensile loading of nanotube Device #m3s. (a) Nano-
tube suspended between an actuated poly-Si tip (left) and a fixed tip (right). (b) The
nanotube was straightened. (c) Measuring the distance between the anchor and the
Pd markers yielded a strain of ~4% at Vact = 0.5 V. (d) At larger displacements, slip-
page was detected (arrow). Pd had been evaporated from the top at 30° tilted rotation.
(e) Enabled by the non-spherical shape of the Pd marker beads, rotation around the
nanotube axis was observed. (f) At an actuator voltage of 0.9 V, the nanotube became
single-clamped and vibrated. Adapted and reprinted from [2]. © IEEE, 2011.
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5 Mechanical loading of suspended CNTs

Figure 5.6: A (24,0) SWNT of chiral angle 0° and a diameter of 1.88 nm was strained until
failure (Device #m4s). The increase in strain from the straightened position at an ac-
tuator voltage of 0.80 V to 0.92V was ~3%. In the last panel, the SWNT was ruptured
as clearly seen from the displaced bead positions. The chirality of (24,0) was extracted
from a electron diffraction pattern. The bottom left corners of the rotated TEM images
are coloured grey for clarity. Adapted and reprinted from [2]. © IEEE, 2011.

two shells. The intensity profile line along the equatorial line of the diffraction
pattern showed modulation in peak intensities which is a characteristic feature
of double-walled carbon nanotubes [310]. Upon reducing the tip displacement,
the single-clamped DWNT reattached to the tip. Repeated detachment and reat-
tachment resulted in slightly varying attachment points.

In contrast to previous work [201] where gold spheres were produced by globalDiscussion

Au deposition and subsequent coagulation by heating, the Pd beads can be loc-
ated intentionally at the end section of the nanotube, leaving the middle section
undisturbed. Additionally, detection of rotation of the nanotube around its axis
was enabled by non-spherical bead shapes. This indicates that nanotubes can ex-
hibit torsional deformation after direct growth which can cause torsion-induced
bandgap changes. The clamping forces for the nanotube attached to the sidewall
and the bottom of the poly-Si tip (Pd evaporation from the top) were too weak to
rupture the nanotube, rather slippage occurred.

Rupturing
Figure 5.6 shows a strained SWNT where the clamping was strong enough toRupturing

(24,0) allow breaking the nanotube (Device #m4s). After initial slack was removed by
pulling the nanotube into a straight position using the actuator, a diffraction pat-
tern was recorded. The chirality was determined to be (24,0). The correspond-
ing diameter of 1.88 nm matches with the bright field TEM image 1.8±0.2 nm.
Between Vact = 0.80 V and 0.92 V an increase in strain of ~3% is extracted between
the Pd markers on the nanotube. The mechanical clamping was strong enough
to allow rupturing the nanotube. Pd beads clearly showed that the nanotube was
ruptured rather than detached from the oxidised poly-Si surface coated with Pd.

The actuator can provide sufficient displacement to rupture nanotubes even ifDiscussion
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5.4 Electromechanical response of MEMS-embedded CNFETs

they had slack initially. A slight out of plane movement was observed which may
be caused by geometrical asymmetry in the anchors and consequently in heat dis-
sipation. The motion response to voltage steps is immediate. For larger actuation
currents, image drift is induced due to thermal expansion. After large voltage
steps, a settling time of approximately 30 s was required before sharp images
could be taken (see drift in Figure 5.6b). If initial slack is present nanotubes can
be straightened. Thus, the prerequisite for electron diffraction of having straight
nanotubes can be met (bending corrupts the periodicity of the structure).

Conclusions on straining
Carbon nanotubes were strained via thermomechanical micro actuators inside Summary

a transmission electron microscope, where Pd beads were used to identify the
strain regime. Tensile loading of a chirality-assigned SWNT and of an individual
DWNT was demonstrated by TEM-compatible micro actuators.

Slippage was typically observed for nanotubes on oxidised poly-Si. Shadow Conclusion

masking enabled deposition of markers on the nanotube for detection of strain
and rotation. Mechanical clamping was improved by metallisation, but for nano-
tubes which landed on the sidewalls, clamping was not always sufficient for ap-
plication of the force needed to induce mechanical breakage of the nanotube.

5.4 Electromechanical response of MEMS-embedded CNFETs
Electrically interfaced nanotubes were integrated in tensile stages by fork transfer Overview

and clamping was optionally aimed to be improved by surface-selective ALD
or by patterned Pd evaporation. Electromechnical responses of hysteresis-free
CNFETs were demonstrated [306] which will be important for exploiting gauge
factor tuning [26] in nanotube-based electromechanical transducers.

5.4.1 Piezoresistive response of CNFET fabricated by transfer
Figure 5.7a shows the strain-dependend electron transport measurement of

Electromechanical
Response

transistor #t11m fabricated by nanotube transfer onto Pd-coated electrodes.
Idsdecreased for increasing strain. The response was repeatable as demonstrated
by the three subsequent sets of three dual sweeps recorded at increasing actuator
voltages Vact of 0 V, 0.5 V, and 0.7 V.

The chirality of the CNFET was assigned by electron diffraction. The SWNT is Electron
Diffractionmost likely a (24,20) semiconducting nanotube.

The class p= 1 predicts a decrease in Idsupon tensile strain. This matches Model
Comparisonto the observed decrease in current. The chiral angle θ of 27.0° is close to 30°.

Consequently, the model of bandgap modulation [311] predicts a relatively small
change in bandgap of +15.2 meV/% strain. The experimentally obtained dE/dε

of +42 meV/% exceeded the predicted value, but is still small.
Displacement was calibrated using the planar motion analyzer. The displace- PMA

ment output was u(Vact ) = 79.956·Vact
2−18.924·Vact +1.016 [nm].

For Device #t1 (presented earlier in Figures 4.14 to 4.17), mechanical actu- Actuation

ation using the electrically heated thermomechanical actuator resulted in small
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Figure 5.7: (a) Electromechanical response of a suspended CNFET of chirality (24,20) to
uniaxial tensile strain applied by a micro actuator (Device #t11m). (b) Extraction of
gauge factor (GF) for different gate voltages [306].

changes of Ids, but they were not reproducible. Possibly slippage occurred.
Mechanically induced changes in the transistor transfer characteristics was ob-Conclusion

served for some of the as-transferred devices, but not for all of them. Clamping
has to be improved.

5.4.2 Piezoresistive response of CNFET encapsulated by Al2O3
The electron transport measurement under different displacements of the microEncapsulation

actuator for Device #t12 showed inconsistent responses. Possibly, slippage oc-
curred for the as-transferred nanotube. Figure 5.8 shows the electron transport
measurement after encapsulation of the contact areas by atomic-layer-deposited
Al2O3 (Section 3.6). Repeatable straining was achieved, however, only for small
strain ranges.

For Devices #t6 and #t7 the electrical responses were lost during or after ALD.
Zero-level encapsulation by ALD Al2O3 improved exemplarily the enforce-Conclusion

ment of mechanical contacts of a tensile loaded CNFET. However, slippage
seemed to occur at increased Vact .

5.4.3 Piezoresistive response of CNFET with top-metallisation
The mechanical clamping of suspended nanotubes placed by transfer was im-Transfer &

Shadow
Masking

proved by additional metal deposition patterned by shadow masking. The in-
set of Figure 5.9a shows the actuated source electrode of CNFET #t14sm. First,
the nanotubes were transferred onto the Pd-coated electrodes. Then, an on-chip
shadow mask was shielding the nanotubes during the second deposition of Pd1.

1 The nanotube-to-gate distance was reduced to 2.25 µm by placing the Poly2 electrodes onto Poly1.
By executing the dimple etch in the region of the electrodes, the topside of the electrodes was
5.5 µm above the substrate. Placing a 0.5 µm-thick Poly0 spacer at the initial position of the mask,
in addition to the upwards-bending of the mask induced during the first Pd evaporation, enabled
sliding of the mask in close proximity above of the electrodes.
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Figure 5.8: Electromechanical response of Device #t12am after encapsulation by 40 nm
ALD Al2O3 . The forward and backward sweeps were averaged for each actuator driv-
ing voltage Vact .

Thus, the nanotubes were sandwiched between the Pd deposited before transfer
and the Pd evaporated onto the nanotubes patterned by shadow masking.

The electrode displacement-Vact relationship of Device #t14sm is plotted in PMA

Figure 5.9a. For the straight nanotube section with an angular misalign-
ment of 9° and suspended length of 2.9 µm , the strain was extracted to be
ε= 8.919 · 10−3 ·Vact

2 − 6.881 · 10−5 ·Vact - 2.738·10−4.
Figure 5.9b shows the transistor characteristics at varying strain levels. The

Electromechanical
Response

p-type transistor showed increased conductance with increasing strain. Conduc-
tion in the n-branch appeared at strains larger than 3%. The strain was increased
up to 4.6%. The Ids-Vg curves for decreasing levels of strain matched those ob-
tained for increasing strain.

Figure 5.9c shows TEM images of the two straight nanotubes spanning across TEM & ED

the electrodes. Electron diffraction (Figure 5.9d) revealed that both CNTs are
double-walled and have the same chirality of (16,5)@(20,12).

Both walls are of class p=−1. The expected decrease in bandgap is in agree- Structural
Predictionment with the observed increase in current upon strain. As shown by Liu et

al. [234], the outer wall is dominating the electrical properties of DWNTs. Here,
the outer (20,12)-wall has the smaller bandgap anyhow (Eg outer,σ=0 = 350 mV).
The predicted change in bandgap for the outer wall with θouter = 21.8° is
−40.2 mV/%strain.

Enhancement of thermally activated transport or enhanced electron-phonon Discussion

scattering due to thermal crosstalk of the actuator can not be ruled out. However,
the observation of both classes p =+1 and p =−1 indicates that the bandgap is
indeed strain-modulated.

Pre-straining of the nanotubes during placement is likely (ε > 0 for Vact = 0) and
is currently under investigation [274].
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Figure 5.9: (a) Deduction of displacement to actuation-voltage relation using the planar
motion analyser operating at ambient air. Insets show SEM images of Device #t14sm
fabricated by transfer and additionally clamped by shadow masking. (b) Electromech-
anical response of CNFET #t14sm consisting of two DWNTs of chirality (16,5)@(20,12).
The dual sweeps of Vgare plotted as lines for increasing strain, and as dotted lines for
decreasing strain. The strain level is indicated for the DWNT which is nearly perpen-
dicular to the electrodes. For the second DWNT segment, the strain is reduced by 28%
due to inclination. (c) Corresponding TEM image in side view showing the straight
DWNTs. In addition to stigmation, the image of the inset is blurred by vibrations. The
apparent wall width is larger than 0.8 nm which is exceeding the anticipated width of
a SWNT. (d) The electron diffraction patterns (one of them given on the left, simulation
on the right) revealed that both DWNTs have the same chirality of (16,5)@(20,12) [306].

Electromechanical responses of ultraclean, MEMS-embedded CNFETs wereConclusion

recorded. The orientation and location control of the fabrication approach by
fork transfer was combined with the resist-free lithography provided by on-
chip shadow masking. Additional clamping by metal evaporation improved the
mechanical clamping conditions of transferred nanotubes. This way, piezoresist-
ive characterization of chirality-assigned, ultraclean, hysteresis-free carbon nano-
tube transistors was achieved. Preliminary comparisons with the theoretical
model of bandgap change confirmed the influence of the class p on the sign of
the current modulation.
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6 Conclusion and Outlook
6.1 Summary and Conclusions
Suspended single-walled carbon nanotubes were embedded in microelec- MEMS & TEM

tromechanical tensile actuators allowing in situ TEM experiments [2, 5].
Electrical contacts to suspended SWNTs in microfabricated structures were fab-

Contamination-
free & Low-
Temperature

ricated by two processes. Both approaches avoid any wet-chemistry after nano-
tube growth and simultaneously prevent the contacts from exposure to the harsh
nanotube synthesis conditions.

Combining localised direct growth of suspended SWNTs with resist-free sten- Shadow
Maskingcil lithography avoids exposure of the contact material to high temperatures and

the nanotubes are neither affected by resist residuals, or damaged by cleaning
processes nor contaminated by surfactants. Compared to approaches for nano-
tube integration in MEMS, incorporating supporting oxide bridges [43], release
etching is circumvented which eliminates another potential source of contamina-
tion [69] and device loss. An on-chip shadow mask is guided by a movable slider
and is placed atop the suspended part of the as-grown nanotube.

The nano-tapered Pd contacts are self-aligned to the suspended pristine Needle-like &
Self-alignedSWNTs [101]. The subthreshold swing (230 mV/dec) was remarkably good for

the large air gap between the metallised bottom gate and the nanotube suspen-
ded between microstructures at an elevation of 3 µm above the gate.

In the transfer approach, the contact metal is deposited on a die which is not Transfer

exposed at any time to the high-temperature growth. The nanotubes are grown
on a separate die. In a dry direct transfer, the nanotube suspended between
the arms of a fork-like growth support is placed onto electrodes of the receiving
die. Current-feedback is used to trigger successful nanotube placement during
light microscopy observation. Hence, carbonaceous contamination is avoided
which would typically occur during manipulation under electron-beam observa-
tion. Carbonaceous contamination induced during SEM was shown to deteri-
orate the transistor gate response which indicates the importance of avoiding
electron-beam exposure during nanotube transfer.

Orientation and location control is improved compared to the direct growth Orientation &
Locationemployed in the approach of shadow masking. The risk of the occurrence of

short-circuiting nanotubes due to misorientation or due to incomplete catalyst
lift-off is overcome. Moreover, number control is facilitated as the adjustment of Number

the nanotube area-density is outsourced on series of fork-like growth substrates.
Placement can be repeated until at least one nanotube is integrated which in- Selection

creases device yield. The possibility is opened up to select a specific nanotube
for integration. Wire bonding can be completed before nanotube integration and Packaging
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6 Conclusion and Outlook

therewith losses of suspended nanotubes during wire bonding are excluded.
Integration of SWNTs by transfer allows pre-characterisation of the MEMSMEMS

device concerning displacement-output. The absence of any leakage current
between source, drain and gate can be verified before nanotube integration. Thus,
the measured source-drain current can be entirely attributed to the nanotube.

For both fabrication approaches, the carbon nanotube field-effect transistorsNo Hysteresis

showed hysteresis-free gate responses even at slow gate sweep rates at humid
ambient conditions. We suggest that metal-coverage of all oxide surfaces elimin-
ates dynamic gate screening typically caused by charge injection/trapping in the
surrounding of the nanotube channel (bulk and surface defects) [28, 31, 87, 193].
Furthermore, the high-quality nanotube material and the residual-free and gentle
processing is expected to contribute to the absence of gate hysteresis [29, 33]. We
induced dramatic hysteretic effects by covering the nanotube with low-quality
aluminium oxide. This demonstrates the use of the previously hysteresis-free
CNFETs as a test-bench for investigation of origins of hysteresis [104].

CNFETs with encapsulated contacts were obtained by surface-selective atomic-Zero-Level
Encapsulation layer-deposition of Al2O3 and showed nearly hysteresis-free operation (Section

4.8). The extracted hysteresis widths were 0.018±0.023 V and 0.028±0.028 V.
By combining these clean fabrication process flows with electron diffractionChirality-

assigned
CNFETs

in the tilted-view TEM inspection [103], chirality was assigned to hysteresis-free,
MEMS-embedded CNFETs [2].

Pd beads formed on the suspended part of CNTs were used to identify theIn situ
Straining strain regime (straight/strained/slipping) inside a TEM and even to detect axial

rotation of carbon nanotubes integrated in MEMS. Tensile loading of an indi-
vidual chirality-assigned SWNT and of an individual DWNT was demonstrated
by TEM-compatible micro actuators, which will be helpful in deepening the un-
derstanding of nanotubes for electromechanical devices.

As revealed by in situ TEM tensile tests, only very few of the unclamped andClamping

only some of the partially metal-clamped nanotubes were sufficiently attached
to take up large mechanical strain before slippage occurred. The random growth
direction during direct synthesis often leads to unfavourable nanotube attach-
ment on the sidewall of the actuated tip rather than on the topside. This impairs
clamping. The nanotube transfer on the other hand ensures nanotube placement
on the topside of the electrodes. However, mechanical anchoring is inferior as
clamping by a top metallisation is missing [201]. Encapsulation by ALD indic-
ated strengthening of mechanical clamping (Device #t12am, Section 5.4). Includ-
ing a shadow mask in addition to the receiving electrodes for nanotube trans-
fer enabled to combine transfer and shadow masking (Device #t14sm 5.4.3). Pd
evaporated after transfer aims at improved mechanical clamping. Strain up to
~4.6% was withstood. The combination of transfer and shadow masking enables
sandwiching a well-oriented nanotube between two metal layers. Proper mech-Electro-

mechanical
& TEM

anical clamping enabled electromechanical characterisation of clean, hysteresis-
free, TEM-accessible, chirality-assigned nanotubes in the large strain regime.
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6.2 Outlook

6.2 Outlook
Designs optimised for radiofrequency signal transduction may enable nanoelec- Resonators

tromechanical resonator applications. The blunt contact geometry obtained by
transfer and the unique capability to alter the contacts of the very same device
using shadow masking (Section 4.5.4) may offer a versatile test bench to investig-
ate quality factors and anchor losses.

Following the route of functionalising the suspended nanotube to induce ALD Circular Gates

nucleation [185], high-quality dielectrics for circular wrap-around gates might be
achieved to boost the gate coupling in mechanically static devices.

Whether the fabrication process schemes of transfer and shadow masking will Scalability

reach large scale fabrication may be questioned. However, the expectation is that
these clean integration methods will enable further exploration of nanotube elec-
tromechanical properties in well-defined configurations with minimized process-
related disturbances. Progress in wafer-scale stencil masking as well as in auto-
mation of assembly at the micro/nano scale is foreseeable. Coupled with ad-
vances in the synthesis of few-chirality material and fast mapping, the transfer
approach may develop impact beyond its application for demonstrator devices.

Major competing materials for future large-scale transistor applications are Concurrence

graphene nanoribbons, germanium-silicium heterostructures, advanced silicon-
based transistors with deterministically placed dopant atoms, diamond with
nitrogen-vacancies, and molybdenum disulfide.

In the field of displacement and force measurements, strong competitors are
emerging optomechanical systems and Si-based nanostructures. However, car- Opportunities

bon nanotubes can withstand exceptionally large strain up to 13% [20] which
make them very promising for transducer operation in the large-strain regime –
which cannot be entered by brittle semiconductors which typically break at strain
levels <1%. In gyroscopes whose readout relies on piezoresistive strain gauges
made of Si nanowires [312], the high gauge factors of certain nanotubes could
outperform Si.

Creep and mechanical hysteresis within the nanotube are expected to be abund- Stability

ant and long-term stability was shown for substrate-bound nanotubes in pressure
sensors [26]. However, for the large strain regime in suspended device configura-
tion, the contacts have to be examined carefully considering long-term operation.

Incorporation of highly compliant bearings (nanotubes perpendicular to the
displacement direction) might enable substantial size reduction of proof masses
in nanotube-based piezoresistive accelerometers. However, better control over Control

chirality and cost-effective integration will be the key to exploit the superior ma- Costs

terial properties and the extreme aspect ratio of single-walled carbon nanotubes
in electromechanical devices.
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A Appendix
A.1 Safety considerations
Currently, there is no consensus concerning the characterization of carbon nano-
tube toxicity [313]. If inhaled nanotubes are potentially a high risk, possibly de-
pending on morphology, size, catalyst remainders, and functionalization [313].

Unloading LPCVD reactor
Although the here employed Fe catalyst nanoparticles are placed on the sur-
face of the die and are not intentionally airborne as in other CNT synthesis ap-
proaches, care was taken while handling samples. Filter masks (X-plore 2100
FMP3D/P100, Dräger) and goggles were worn during loading and unloading
of the 8 inch quartz furnace for CNT synthesis (LPCVD, PEO-603-PLC-300C, at
FIRST). Additionally, a separate compartment of the cleanroom was built around
the LPCVD system. An air filter system was included and a pressure gradient
between the rest of the lab and the compartment was established. After comple-
tion in 2009, the LPCVD operator had no longer to distribute filter masks to all
other persons in the adjacent rooms. For impressions, be referred to Figure A.1.
The dedicated filter system was installed not only because of the SWNTs, but
larger amounts of MWNTs were grown from C2H2 in the same system. Silicon
nanowires were grown too in the same furnace. A dedicated carrier wafer and
avoiding Au catalysts at the outer areas of the die aimed to prevent the spread of
nanomaterials during handling.

Sample handling
CNTs can transfer within a sample as observed during contact mode AFM ima-
ging and observed after cleaving of chips in solution. At scratches on CNT-coated
surfaces, the tubes are missing. One SWNT clearly labelled to have undergone
an ALD process by having attached some Al2O3 beads was found on another die
which was never subjected to ALD. The observation of the possibility of unin-
tended die to die migration of SWNT and of multi-walled CNTs indicates the
importance of avoiding impinging CNT chips with tweezers. A probably reason-
able option is to coat the CNTs by a continuous layer of ALD, as we introduced
in the ALD-assisted photolithography [42] and to limit the area of CNT growth
by patterned catalyst deposition.

A.2 Experimental procedure for electron diffraction at FEI CM12
The recording of electron diffraction patterns of nanotubes is based on the work
of J. Meyer et al. [97] and was established with the help of Fabian Gramm (EMEZ).
As the procedure is not comprised in the general introductions to the CM12, a
description is given here. Permission and schooling are provided by EMEZ.

The carrier box of imaging plates is stored inside the exsiccator. Before loading Loading
the box, the emission and the high voltage must be turned off. The plate chamber
is vented and the box is loaded using gloves. The chamber is evacuated and the
vacuum has to recover for at least 20 min. Thereafter, liquid nitrogen is filled
into the cold trap. The sample holder is plasma-cleaned (B.2.2) for 30 min. The Pre-settings
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Figure A.1: Photographs of the low-pressure chemical vapour deposition system (LPCVD,
PEO-603-PLC-300C, ATV Technologie GmbH) in FIRST used for SWNT synthesis and
Si nanowire growth. (a) Separate cleanroom compartment with slight underpressure
and dedicated air filter system. (b) Filter mask and goggles were worn during loading
and unloading of the LPCVD furnace for CNT synthesis.

acceleration voltage is set to 100 kV and the ’TEM low dose mode’ is selected.
Emission is turned on. The smallest condenser aperture is inserted (10 µm). The
condenser aperture is mechanically aligned while wobbling the illumination. The
illumination is set such as to fill the screen. The sample is inserted into the holder.Eucentric

Height For samples mounted in tilted-vied (3.5.2), the edge of interest is oriented along
the holder axis. The holder is loaded into the microscope. The eucentric height
is mechanically adjusted by minimizing the image shift while alternating the tilt
angle. „Auto focus“ is pressed to reset the lenses. In ideal case, the eucentric
height is exactly in focus. Else, a slight image shift is preferred over detuning the
focus from the auto focus position, because the microscope was aligned for the

„Auto focus“ lens settings. If the sample is to be accessed in tilted-view (3.5.2) the
sample tilt is adjusted to enable access to the tip pair of interest.

The gun tilt (alignment) is adjusted for maximum brightness of a small-areaTilt, Shift
beam in low SA magnification. At spot size 9, the beam spot is centred using
Beam shift X,Y. Then, after changing to spot size 3, the beam is re-centred using
the X,Y gun shift (alignment).

The Pivot points of the beam deflection coils are aligned.Pivot Points
The diffraction pattern astigmatism has to be corrected by making use of theDiffraction

Astigmatism crossover image of the diffraction lens. A bright-field TEM image is to be ob-
tained in the SA magnification. The sample and the objective aperture are re-
moved from the beam path. The spot size is set to number 4. To correct the
diffraction astigmatism, the beam is projected on the fluorescent screen at max-
imised illuminated area (low intensity of illumination). This is done by turning
the illumination knob to expand the beam, resulting in a low area dose. After
verifying that the fluorescent screen is closed to shield the CCD camera from
overexposure, the button „D“ is pressed. This enters the diffraction mode which
projects the backfocal plane onto the screen. The camera length to be used is
set (680 mm) using the magnification knob. Defocussing yields a circular beam
shape with a highlighted rim: the diffraction crossover image. The stigmation
button is pushed and the ’DIFF astigmation’ is selected. The values are noted
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and are reset after the session as changes can induce large image shifts in the low
magnification mode. Using the multifunction knobs, the stigmator is adjusted
to obtain a three-fold symmetrical image in the centre of the circle. Then, the
projection lens is set to imaging mode by pressing again the „D“ button which
deactivates the diffraction mode.

The illuminated area is shrunk to the centre of the fluorescent screen at a mag- Condenser
Astigmatismnification of 66 kX. By correcting the condenser astigmatism, the shape of the

illuminated area is adjusted to remain circular while wobbling the illumination
intensity. The spot size is set to 11 and the condenser astigmatism is again adjus-
ted carefully. The spot size is changed to 4 or 7 to increase the intensity.

Magnification is reduced and illumination is adapted. The sample is moved ROI
into the illuminated area and the region of interest (ROI) is placed to the centre
of the screen. Strong defocussing can help to locate the nanotubes. A Si tip apex,
or a similar feature at the height of the nanotube, is focussed and objective astig-
matism is corrected. The nanotube end sections are imaged at high resolution
(340 kX or higher). As the centre part of the suspended nanotube is typically vi-
brating, high resolution is only achievable at the clamped ends. The difference in
focus for the two nanotube end sections is an indication whether the nanotube is
aligned with the focal plane. The mid-section of a straight, suspended nanotube
is moved to the centre of the screen. The spot size is decreased to the smallest Selected Area
available spot size 11. The magnification is set to 66 kX. The illuminated area is
adjusted to yield a circle filling the field of view of the CCD camera at 66 kX mag-
nification. Larger size of illuminated area results typically in sharper diffraction
patterns. A CCD image can be used to verify that the nanotube is crossing the
illuminated area (low dose, hence ~5 s recording time). Beam shift X,Y can be
used to centre the illuminated area on the nanotube.

The fluorescent screen is put in place to shield the CCD camera. The diffraction Diffraction
Patternmode is activated and a camera length of 680 mm is selected (corresponding to

770 mm as soon as screen is flipped up). The zero-beam is focussed. To use the CCD
CCD camera for a immediate check of the diffraction pattern, the beam stop must
be inserted to protect the CCD from damage. The zero-order beam can be shifted
using the multifunction knobs. After ensuring that the zero-beam is fully blocked,
quick test patterns can be recorded on the CCD camera using exposure times of
20 s. For better contrast, exposure times longer than 180 s are required. Imaging Imaging Plate
plates offer superior dynamic range and high resolution. Up to 36 imaging plates
can be loaded per box. To record the diffraction pattern on the imaging plate, the
detector mode is set to ’TV’. The TEM camera setting is chosen to be ’manual’,
exposure time 300 s. The objective aperture is removed. The CCD cameras are
retracted. The fluorescent screen is removed. The viewing glass is covered. The
controller switch is toggled down to ’neg.’. The image plate is exposed by press-
ing „Exposure“. After deactivating the diffraction mode, toggle up the controller
switch, and inserting the camera, a CCD image can verify that beam shift and
sample drift was acceptable.

The imaging plates are unloaded – analogously to loading. Wearing gloves Readout
is mandatory. The box is opened without exposure to light and the plates are
loaded into the scanner (Micron DITABIS, Settings: highsens, 100% laser intensity,
120 000 gain, resolution 15 µm , binning factor 1, blacklevel correction activated,
standard 16 bit). The files are loaded as full image and are exported as .tiff for
analysis using Gatan’s Digital MicrographTM. The imaging plates are erased by
20 min exposure to UV light.
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Module Stage Shadow masking
44 1
2

650
690

acetone rinse time [min], temp. [°C] dip 3 s, 22 °C 2
acetone time [min], temp. [°C] 10 min, 22 °C 3

time [min], temp. [°C] 5 min, 22 °C 4

time [min] >1 min 5
concentration 40% 6

time [min], temp. [°C] 3 - 5 min, 22 °C
time [min] 10 7

time [min], temp. [°C] 3 min, 22°C 8
IPA time [min], temp. [°C] 3 min, 22°C 9

N2 stream time [s] ~2s 10
time [min], temp. [°C] >5 min, start at 65 °C, heat to 120 °C 11

support microscope slide

silicon oxide on poly-silicon 12
Bunsen burner time [min], temp. [°C] 15 min, >600 °C, on ceramic plate

>~8 nm

PMMA/MAA pure 13
500 rpm, 3 s, 5 s; 4000 rpm, 5 s, 45 s

150 14
70

PMMA/MAA pure 15
500 rpm, 3 s, 5 s; 4000 rpm, 5 s, 45 s

150 16
70

PMMA/MAA pure 17
500 rpm, 3 s, 5 s; 4000 rpm, 5 s, 45 s

150 18
70

acceleration voltage [kV] 30 19
aperture [µm] 30

dose [µC/cm^2] 420
current [nA] ~0.34

MIBK:IPA 1:3 20
70

IPA pure 21
60

Drying N2 stream time [s] ~2 s 22

Iron particle size ~3-4
Iron particle density ~3

Plasma cleaning time [min], power [W] (3 min, 250 W) 23
1 min 24
1 min
~5 s

ferritin stock solution:MES  ~1:50-300 25
3, RT
RT 26
1

Drying N2 stream time [s] ~5 s 27
Acetone time [s], temp. [°C] 10 s, RT 28
Acetone time [s], temp. [°C] 10 s, RT 29
Acetone time [s], temp. [°C] 30 s, RT 30
Acetone time [min], temp. [°C] 10 min, 50 °C 31

IPA time [min], temp. [°C] 5 min, 50 °C 32
N2 stream time [s] ~4 s, gently 33

time [min], temp. [°C] 1, ~120 °C 34
support ~2 s

>600 °C 35
1 min

ID

target particle height after oxidation [nm]

Patterned 
catalyst 

adsorption

Preconditioning

Resist spin coating 3 resist
spinner sequence

Soft bake

Resist spin coating

Resist spin coating 2 resist
spinner sequence

time [min]

Bake

  Run sheet  -  shadow masking

Lift-off

Drying hotplate

E-beam 
lithography

hotplate

Development
developing time [s]

time [s]
developing stop bath

developer, concentration

Soft bake temperature [°C]
time [s]

E-beam writerExposure

Soft bake temperature [°C]
time [s]

resist
spinner sequence
temperature [°C]

time [s]

target nanotube density [1um^2]

MES buffer 50 mM

stock solution diluted in MES pH4, 50 mM

Rinse in DI water

Protein absorption

DI-water
N2 stream

time [min], temp. [°C]
temperature [°C]

Sacrificial 
layer etch

Wetting

Rinse

Drying

Growth 
barrier layer Oxidation

time [min]

ambient air, Bunsen burner   temp. [°C]Ferritin oxidation, 
calcination

DI water rinse

Etching HF

DI water 
DI:IPA = 1:1

Material

thickness [nm]

isopropanol

Dicing

Dicing

feed rate [mm/s]
wafer thickness [µm]

cutting depth [µm]

Parameter
program No.

Photo-resist removal 
(PolyMUMPs)
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Module Stage Shadow masking
PMMA/MAA pure 36

500 rpm, 3 s, 5 s; 3000 rpm, 5 s, 45 s
150 37
70

PMMA/MAA pure 38
500 rpm, 3 s, 5 s; 3000 rpm, 5 s, 45 s

150 39
70

Dicing 44 40
acetone rinse temp. [°C] dip 10 s, 22 °C 41

acetone time [min], temp. [°C] 15 min, 50 °C 42
isopropanol time [min], temp. [°C] 5 min, 50 °C 43
N2 stream time [s] ~4s, gently 44

time [min], temp. [°C] >5 min, start at 65 °C, heat to 120 °C 45
support microscope slide

850 46
H2 reduction [s], [slm] 31 s, 3 slm
H2 growth [s], [slm] 58 s, 0.2 slm

CH4 carbon source [s], [slm] 34 s, 1 slm
12 min

move shadow mask with AFM tip 47
Pd 48

120 nm, 30°, 5 rpm

temp [°C] 110 - 300, better 300 49
thickness [nm] 40

on package, US-power 130 50
US-time 55 ms

on die, US-power 125
US-time 50 ms

Steps 47-50 after nanotube growth are free of wet-chemistry.

 

 

ID

Resist removal

hotplate

Subdicing
program No., same parameters as in ID 1

Shadow masking, continued
Parameter

time [s]

SWNT 
growth

Resist spin coating resist
spinner sequence

Soft bake

selective nucleation: clean, defect-free, individual nanotube

Wire bonding wedge-wedge        
wire bonding 

Devotek,       
silver paste,      

aluminium wire

element
thick. [nm], sample tilt [°], sample rotation 

temperature [°C]
time [s]

Resist spin coating resist
spinner sequence

Soft bake temperature [°C]

Mask placement Micromanipulator, light microscope

Growth time [min]

H2

temperature [°C]

Growth

Passivation ALD Al2O3

Metal 
patterning Metal evaporation

Drying
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Module Stage Value
44 1
2

650
690

acetone rinse time [min], temp. [°C] dip 3s, 22 °C 2
acetone time [min], temp. [°C] 10 min, 22 °C 3

time [min], temp. [°C] 5 min, 22 °C 4

time [min] >1 min 5
concentration 40% 6

time [min], temp. [°C] 3 - 5 min, 22 °C
time [min] 10 7

time [min], temp. [°C] 3 min, 22°C 8
IPA time [min], temp. [°C] 3 min, 22°C 9

N2 stream time [s] ~2s 10
time [min], temp. [°C] >5 min, start at 65°, heat to 120° 11

support microscope slide

silicon oxide on poly-silicon 12
Bunsen burner time [min], temp. [°C] 15 min, >600°C, on ceramic plate

>~8 nm

Iron particle size ~3-4
Iron particle density ~2

ferritin stock solution:MES  ~1:100-800 13
3, RT
RT 14
1

Drying N2 stream time [s] ~5 s 15
>600°C 16
1 min

g Sliding Fork movement move fork beyond die edge by AFM tip 17

850 18
H2 reduction [s], [slm] 31 s, 3 slm
H2 growth [s], [slm] 58 s, 0.2 slm

CH4 carbon source [s], [slm] 34 s, 1 slm
12 min

Sliding* move mask slider a little 19
Barrier* Al2O3 Diffusion barrier 25 nm, 300 °C 20

anchored to silicon nitride
Pd 21

120 nm, 30°, 5 rpm

package: power, weight 90, 1 22
US-time 40 ms

on die: power, weight 100, 4
US-time 45 ms

Current monitoring Keithley 2400 voltage, current [V], [A] 0.2, 0

Nanotube transfer Light microscope manual placement, until current ~1-100 nA 23

Annealing Keithley 2400 N2 stream,             
voltage sweep [V]

0.2 to ~2  to -2 to 0.2,                    
until current increases suddenly 24

Fork withdrawal Keithley 2400  0.2, >0 25

temp [°C] 110 - 300, better 300 26
thickness [nm] 40

*optional for designs with addditional shadow masks (moved to final position after step 25, followed by evaporation of 80 nm Pd at 10° tilt)
**Die and wire bonding: details 
The receiving die (device die) for transfer were placed on top of two 500-μm-thick spacer die which were die bonded into a ceramic 
package (PLCC32) using conductive epoxy glue. The bonding parameters for the ultrasonic wire bonder Delvotec FEK 5425 were: 
Speed 3, Z working height 2000
1st bond on package: S search height 2820, ultrasonic-power 90, time 40, bond weight 1, TD step 3, Loop speed 1, reverse 10,
 loop height 750; move farer than needed, lower needle position, return towards pad position.
2nd bond: D destination height 2400, US-power 100, time 45, bond weight 4, TD step 2.

All steps 19-26 after SWNT growth are wet-chemistry free and electron beam observation is avoided.
Wire bonding is completed before nanotube integration.
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ie

SWNT 
growth

Passivation ALD Al2O3
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patterning
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  Run sheet  -  Fork transfer
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 d
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gr

ow
th

 d
ie

ID

none

Drying

ambient air, Bunsen burner   temp. [°C]

DI water rinse

Etching HF

DI water 
DI:IPA = 1:1

target particle height after oxidation [nm]

Catalyst 
adsorption

time [min]

Growth 
barrier layer Oxidation

time [min]

Ferritin oxidation, 
calcination

Rinse in DI water

Protein absorption

E-beam 
lithography

thickness [nm]

target nanotube density [1um^2]
stock solution diluted in MES pH4, 50 mM

Intrinsic shadowing undercuts in poly-Si

Growth time [min]

H2

temperature [°C]

Micromanipulator, light microscope

hotplateBake

Weting

Rinse

Die

Metal evaporation

selective nucleation: needs clean, defect-free+individual nanotube

Die & Wire    
bonding**

wedge-wedge        
wire bonding

Delvotek,        
silver paste,      

aluminium wire

element
thick. [nm], sample tilt [°], sample rotation 

Burleigh piezo actuator

voltage, current [V], [A]

feed rate [mm/s]
wafer thickness [µm]

cutting depth [µm]

time [min], temp. [°C]
temperature [°C]

Material

de
vi

ce

ALD Micromanipulator, light microscope
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th
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ie
de

vi
ce
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ie

Parameter
program No.

Photo-resist removal 
(PolyMUMPs)

isopropanol

Dicing

Dicing

Sacrificial 
layer etch
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B Theory and methods:
Carbon nanotube properties
and characterisation

This chapter introduces concepts to represent the molecular structure of single-
walled carbon nanotubes. Theories predicting the electronic properties of SWNTs
are summarised. In the second section, experimental methods are described
to probe the structural, electronic and optical properties of nanotubes. Experi-
mental instrumentation utilised in this Thesis is presented. Parts of this chapter
are based on the following references where more detailed derivations can be
found [47, 88, 99, 219].

B.1 Carbon nanotube properties
The structure of single-walled carbon nanotubes and their mechanical properties
are described. Subsequently, the electronic behaviour is discussed.

B.1.1 Structural description
Single-walled carbon nanotubes (SWNTs) are molecular tubes whose walls con- SWNTs
sist of a single layer of carbon atoms. Figure B.1 shows ball-stick models of
SWNTs. The C atoms of the tube wall are arranged as a hexagonal honeycomb
lattice. Instead of being a flat two-dimensional sheet as in graphene (1-atom-thin
graphite), the 1-atom-thin carbon sheet is wrapped up into a seamless tube.

In contrast to single-walled carbon nanotubes whose walls consist of a single MWNT
layer, a multi-walled carbon nanotube (MWNT) has several carbon layers ar-
ranged as concentrically stacked tubes. Describing a SWNT can start from de- Graphene

Sheetscribing its wall as if it would be unrolled into a planar graphene sheet. The
covalent carbon–carbon bond length aC−C of the honeycomb graphene lattice is
approximately 0.142 nm, as illustrated in Figure B.2a. Elemental carbon has four
valence electrons, which occupy the 2s, 2px, 2py and 2pz orbitals. The orbitals rep-
resent the distribution of the electron around the nucleus of the atom. Orbitals
of neighbouring atoms can interact and form mixed orbitals, known as hybridisa-
tion. In planar graphene, the 2px and 2py orbitals hybridise with the 2s orbital
into three sp2 orbitals. Resulting bonds are called σ-bonds. All three σ-bonds are
arranged in the same plane and point in 0°, 120° and 240° direction. The strong σ-
bonds are the origin of the superior mechanical strength of graphene and carbon
nanotubes. The remaining 2pz electrons are only weakly bound to the nucleus
and form π-bonds out of plane. These π orbitals govern the electrical transport
properties. As shown in Figure B.2b and following [99] pp.33, the honeycomb Direct Lattice
crystal lattice is not a fundamental lattice: To describe the periodicity of the atom
lattice and its bonds, more than just one atom has to be taken into account be-
cause the surrounding of atom A is geometrically different from the surrounding
of atom B. The crystal lattice is converted into a fundamental direct lattice (Brav-
ais lattice) by grouping atom A and atom B together. Repeating this instance
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Figure B.1: Model of three different SWNTs. The balls represent carbon atoms and the
sticks indicate bonds. (a-c) Armchair-type nanotube of chiral indices (10,10) with a
diameter d = 1.356 nm and a chiral angle θ = 30 °. Perspective views of short segments.
Typical lengths would range from microns up to centimetres. (d) Chiral (14,4) nano-
tube, d = 1.282 nm, θ = 12.2°. In the lower part of the image, atoms of the nanotube
backside are shaded for clarity. (e) Zigzag-type (18,0) nanotube, d = 1.409 nm, θ = 0°.
Figures were calculated using Nanotube Modeler™, JCystalSoft, www.jcrystal.com.

consisting of A and B forms a fundamental lattice where the surrounding looks
exactly the same for every unit. This instance is called basis of the Bravais lattice.
The real honeycomb lattice is mapped using a basis of two atoms.

A primitive unit cell with a special boundary around a single Bravais lattice
point is called Wigner-Seitz cell and is depicted in Figure B.3a. The speciality is
that the boundary is there, where it is exactly as close to the Bravais lattice point
in the middle of the cell as to any of the other surrounding Bravais lattice points.
Fourier analysis is a concept for periodical systems. Applying the direct FourierReciprocal

Lattice transform to the direct lattice leads to the so-called reciprocal lattice. Figure B.3b
shows the reciprocal lattice of graphene. The reciprocal lattice is hexagonal as
well, but it is rotated by 90° with respect to the direct lattice. A Wigner-SeitzBrillouin Zone
primitive cell can also be defined for the reciprocal lattice and is called the first
Brillouin zone. Three locations of the Brillouin zone exhibit high symmetry: The
centre is called Γ-point. The six corners are referred to as K-points. The middle
of each side is called M-point.

The diameter of a SWNT can range from about 0.4 nm [14] to at least 5 nm [99]Diameter
p.73. The diameter alone is not enough to describe the structure of a SWNT. The
only structural restriction in the conceptual rolling-up of a tube from a graphene
sheet is that the carbon atom sites have to coincide as a seamless joint. Figure B.4
shows an illustration of the conceptual un-rolling of nanotubes into graphene
stripes. The stripes, or ribbons, can not only vary in width but also in angular
orientation. A ribbon whose future circumference Ch is oriented along the A-BArmchair
direction (here horizontally) forms a so-called armchair nanotube. A different
lattice orientation can be constructed from ribbons rotated with respect to the
armchair ribbons. Rotating a ribbon by 30° away from the armchair orientationZigzag
results in a nanotube with a zigzag pattern along the circumference, giving rise to
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Figure B.2: (a) Schematic representation of the hexagonal graphene lattice. The σ-bonds
are in plane and drawn as lines, the π-bonds would be out of plane. The bond length
aC−C between neighbouring carbon atoms is 0.142 nm. The graphene lattice constant
a is 0.246 nm. (b) The Bravais lattice is mapping the real honeycomb lattice. The basis
of the Bravais lattice incorporates two atoms (atoms A and B). The centre point of
the Bravais lattice is highlighted by a dashed circle. In contrast to the real lattice, the
Bravais lattice is a fundamental lattice where the surrounding is the same for every
lattice point. In a, another option for choosing a Bravais lattice is shown.
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Figure B.3: (a) The fundamental hexagonal lattice of graphene in real space. The Wigner-
Seitz primitive cell is marked as grey hexagon. The primitive vectors of the direct

lattice are ~a1 and ~a2. ~a1,2 =
(√

3a/2,±a/2
)

(b) Reciprocal lattice of graphene. The
first Brillouin zone is given as grey hexagon. The high symmetry points are marked
with Γ, K and M. The primitive vectors of the reciprocal lattice are ~b1 and ~b2 and have

units of nm−1. ~b1,2 =
(

2π/(
√

3a),±2π/a
)

. Partially based on [99].
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B Theory and methods: Carbon nanotube properties and characterisation

the label zigzag nanotube. Intermediated pattern orientations can be describedChiral Angle
by the chiral angle. The chiral angle θ is the angle between the circumferential
direction and the zigzag direction of the primitive lattice vector ~a1. Together, the
two attributes, diameter and chiral angle, fully describe the structure of an ideal
SWNT.

The former circumference of the un-rolled nanotube can be represented by us-Chiral Vector

ing the vectors ~a1 = (
√

3a/2, a/2) and ~a2 = (
√

3a/2, −a/2) as a basis, and is called
chiral vector, wrapping or folding vector:

~Ch = n~a1 + m~a2 (B.1)
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Figure B.4: Schematic illustration of the conceptual description of nanotubes based on
planar graphene ribbons. Conceptually, the circumference Ch = | ~Ch| of a nanotube cor-
responds to the chiral vector ~Ch drawn in the plane of a graphene sheet. (dashed
lines) A ribbon with horizontally oriented circumference leads to an armchair nano-
tube. (dotted lines) Chiral vectors rotated by 30° with respect to the A-B direction lead
to zigzag-type nanotubes. The deviation from the zigzag-direction is the chiral angle
θ. (shaded ribbon) Ribbon from which a (2,7) nanotube can be rolled up conceptually.

The indices n and m must be positive integers to allow seamless tubes. InsteadChiral Indices
of using d and θ, the structure of a nanotube can be described by the chiral indices
(n,m), also called wrapping index. For most considerations, the indices n and m
are typically re-arranged such that the first integer is larger than the second one
(i1,i2) with 0 ≤ i2 ≤ i1. This neglects the handedness [52] of a nanotube: a (7,2)
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nanotube and a (2,7) nanotube have basically the same pattern but moving along
the zigzag direction closest to the circumferential direction is yielding a right or a
left-turning helix. This simplification is equal to restricting the values of the chiral
angle θ to 0° – 30° instead of 0° – 60° and is not affecting electronic considerations
due to symmetry, unless torsional deformations are treated. In the context of Chirality
nanotubes, the chiral indices (n,m) are often called chirality. Armchair nanotubes
have a chirality of (n,m=n). All (n,0) nanotubes are of zigzag type. Armchair Chiral vs.

Achiraland zigzag nanotubes are achiral: they are perfectly superimposable with their
mirror images. All other chiral angles result in chiral nanotubes.

The diameter of a nanotube can be calculated from the chiral indices (n,m): (n,m)⇒ d

d =
|~Ch|
π

=
a
√

n2 + nm + m2

π
(B.2)

Different combinations of n and m can result in the same diameter. Hence,
dissimilar SWNTs can exist for equivalent diameters as discussed in Section C.1
about chirality control.

The chiral angle θ is calculated from the chiral indices as following: (n,m)⇒ θ

cosθ =
~Ch · ~a1

|~Ch||~a1|
=

2n + m
2
√

n2 + nm + m2
(B.3)

The primitive unit cell of a SWNT is defined by the area spanned by the trans-
lation vector ~T and the chiral vector ~Ch. The translation vector ~T is the shortest
lattice vector along the nanotube axis (perpendicular to ~Ch). ~T is ((2m + n)/ggcd,
-(2n + m)/ggcd), where ggcd is the greatest common divisor of 2m + n and 2n + m.
The unit cell of armchair and zigzag nanotubes consist of N = 2n hexagons, or 4n
carbon atoms respectively. For chiral nanotubes, the number N of hexagons per
unit cell can be substantially larger:

N =
2(n2 + nm + m2)

ggcd
(B.4)

Consequently, the computational effort in simulations is often much larger for
chiral nanotubes than for the highly symmetric zigzag or armchair nanotubes.

B.1.2 Mechanical properties
The mechanical strength of carbon nanotubes is based on the strong σ-bonds of
the hexagonal lattice.

The Young’s modulus of carbon nanotubes is around 1 TPa [18, 19] which is Young’s
Modulusextraordinarily high. Despite this high stiffness under tensile strain, nanotubes
Elasticitycan undergo large elastic deformations without brittle fracture.

From a point of view of structural mechanics, a planar sheet or ribbon tends to Shape
bulge and buckle, which renders planar structures inferior to hollow profiles like
frames or tubes.

When surpassing a critical tensile strain of about 5%, SWNT were modelled to Breaking
Strainrelease strain energy by defect formation [314]. But as indicated by simulation,

defect formation requires high activation energies. Perfect nanotube lattices are
therefore expected to stay kinetically stable even for strains substantially larger
than 5% [315]. Ropes of suspended nanotubes were measured to elastically strain
in some cases slightly more than 5% [18, 316].
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Strain up to 13.7±0.3% was endured without any evidence of defect formation
for ultralong SWNTs [20].

The ultimate tensile strength of the nanotubes was extracted to be 99 GPa [20].Maximum
Stress The extracted strength-to-weight ratio of ~74 000 kN·m/kg is by 30 times larger

than for Kevlar® and by 117 times larger than for steel [20].
According to simulation, the Young’s modulus (1.0 TPa) and the maximumChirality

Dependence tensile strength (~100 GPa) are only weakly dependent on chirality [19]. Soften-
ing was suggested for nanotubes with small diameters [317]. The critical tensile
strain for breaking is predicted to depend on the chiral angle, favouring zigzag
nanotubes over armchair [318].

Under compression, nanotubes kink rather than suffer brittle fracture [319].Compression

Interfacial forces
The friction force between a nanotube and a SiO2 substrate is as small as aboutFriction
10 pN/nm [309]. Therefore, slippage of nanotubes can be an issue as long as they
are not clamped. For bundles of nanotubes, applied displacement can lead to
debundling instead of straining [320].

B.1.3 Electronic properties
The small dimensions and the tubular shape of carbon nanotubes results in
unique electrical transport properties. The diversity in chirality contributes to
a rich range of electronic properties. Electronic band structures are reviewed
starting from graphene. Subsequently, effects caused by the curvature of a tube
wall are included. Parts of this Chapter follow the explanations given by Park et
al. [88] pp.1 and by F. Léonard [47] pp.3.

Band structure of graphene
As a SWNT can be considered as a wrapped-up graphene ribbon, examining
the electronic band structure of graphene is the starting point for understanding
band structures of nanotubes. Electrical transport in carbon nanomaterial is dom-
inated by charge carriers, may it be negatively charged electrons or positive holes
(a missing negative charge). The delocalised states of the π orbitals are close to
the Fermi level and govern the electrical properties.

The electronic band structure of a planar hexagonal carbon lattice can be cal-Tight-Binding
Approxima-

tion
culated using the tight-binding approximations [321]. The nearest-neighbour ap-

NNTB
proximation takes into account only interactions between the three atoms of type
B next to the atom of type A (see Figure B.2 ). Compared with ab initio calcula-
tions, the nearest-neighbour tight binding (NNTB) approximation for the π bands
is in good agreement for low energies. Those energies close to the Fermi level are
the relevant ones for electrical transport. The band structure of the π orbitalsEnergy

Dispersion in
Graphene

of graphene can be calculated via the Schrödinger equation. The energy E of π
orbital electrons can be found using linear combinations of Bloch functions for
the total wave function, while neglecting the overlap of 2pz wave functions. The
following analytical expression for the π bands describes the energy dispersion
of graphene [88] p.4, [99] p.61:

E = E0 ∓ γ0

√√√√1 + 4 cos

(√
3kxa
2

)
cos
(

kya
2

)
+ 4 cos2

(
kya
2

)
(B.5)

The negative sign corresponds to valence bands of bonding π orbitals, where
the mobile charges are holes. The positive sign denotes conduction bands of anti-
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Figure B.5: (a) Energy dispersion of graphene as 3D surface plot showing zero band gap
at the K-points according to Equation B.5. (b) Contour plot of the energy dispersion
with highlighted first Brillouin zone and symmetry points.

bonding π∗ orbitals, where the mobile charges are electrons. E0 is the reference
potential, which is for graphene the Fermi energy EF and can be set to 0 eV. The γ0

carbon–carbon interactions are described by γ0 which can be regarded as a fitting
parameter. γ0 is called hopping integral, transfer energy, tight-binding overlap
integral or nearest neighbour overlap energy. It can be estimated as transfer integ-
ral between the nearest neighbours and the commonly used values for γ0 range
from 2.5 eV to 3.3 eV eV [99]. The momentum vector~k of the first Brillouin zone is ~k
described by its components kx and ky. The graphene lattice constant a is equal to√

3 aC−C = 0.246 nm, and is also called Bravais lattice constant. Figure B.5a shows
the energy dispersion of graphene in reciprocal space as a 3D plot. The highest
energy states of the valence band occur at the six K-points where they meet the
lowest energy states of the conduction band. The dispersion near each K-point
has a conical shape. The linear approximation of the dispersion is called Dirac
cone.

Density of states (DOS) is a concept that describes the ability of a material to DOS
host up to a certain number of particles D(E) at a specific energy E. The DOS
represents the number of states available for particles of certain energy. The
states can be occupied by wave-like particles or entities, such as electrons or holes,
photons, phonons, or excitons [99] p.103. The density of mobile charge carriers
available in a solid material is linked to the DOS and can be calculated based on
the energy dispersion. A conductor possesses mobile charge carriers, while an
insulator does not. At the Fermi level, the DOS vanishes for graphene. Therefore
graphene is not truly metallic, but a zero bandgap semiconductor [88, 115]

Band structure of SWNTs
As the wall of a SWNT consists of a wrapped-up graphene sheet, the electronic Overview
properties can be expected to be partially similar to ones of graphene. The
rolling imposes additional boundary conditions compared to an infinitely large
graphene layer. As it will be shown, the Brillouin zone of a SWNT consists of line
cuts of the Brillouin zone of graphene. Two wave vectors are associated with an Wave Vectors

infinitely long SWNT. The wave vector ~k|| parallel to the nanotube axis is continu-
ous if the SWNT is assumed to be infinitely long. The length of ~k|| is 2π/|~T|. The Periodic

Boundary

145



B Theory and methods: Carbon nanotube properties and characterisation

wave vector ~k⊥ perpendicularly to the nanotube axis points along the circumfer-
ence. ~k⊥ has to satisfy a periodic boundary condition because the wave function
in circumferential direction must be repetitive for each full revolution (2π):

~k⊥ · ~Ch = π d k⊥ = 2π q (B.6)

The diameter of the nanotube is denoted again with d and q is an integer. Ow-
ing to this periodic boundary condition, the allowed values of k⊥ are not continu-
ous but become quantised and can only be of those discrete lengths which fulfil
Equation B.6.

Using the so-called zone-folding scheme, the band structures of SWNTs areZone-Folding
obtained from the energy dispersion of graphene while obeying additionally the
periodic boundary conditions for ~k⊥. As illustrated in Figure B.6, the regularly-
spaced allowed k⊥ states intersect with the energy dispersion of graphene. At the
allowed k⊥ states, the 1-dimensional subbands of SWNTs are obtained as cross-
sectional line cuts of the two-dimensional energy dispersion of graphene. The
band structure relevant for electrical transport in a SWNT is obtained by those
cross-sections near the K-points – where the Dirac cone approximation is applic-
able. Figure B.6a,b and c,d show single cutting planes representing allowed k⊥
states for a metallic and a semiconducting nanotube using the cone approxima-
tion. Certain combinations of (n,m) result in line cuts of allowed states exactlyMetallic
through a K-point. For those cross-sections of the Dirac cone through a K-point,
the one-dimensional energy dispersion exhibits a meeting point of valence and
conduction band. Those (n,m) SWNTs behave metallic.

If the periodic boundary condition of k⊥ prohibits line cuts through a K-point,
Semiconducting the nanotube band structure has a parabolic line shape. An energy bandgap is

opening between the valence and the conduction band. Thus, chiralities without
allowed cross-sections through one of the six K-points exhibit a bandgap and can
behave semiconducting.

After introducing the zone-folding generally, the Brillouin zones for specific
SWNT-types are summarised. For zigzag nanotubes, (n,0), the periodic bound-Zigzag
ary condition (Equation B.6) can be simplified by inserting the diameter d = na/π
(Equation B.2) to π d k⊥ = na k⊥ = 2πq. To have an allowed k⊥ that hits a K-point
at the coordinates (0, 4π/3a), the condition 2n = 3q has to be fulfilled. Only for val-
ues n being a multiple of three, a matching integer q can be found. Consequently,
a line cut through a K-point occurs and those zigzag nanotubes behave metallic.
For other cases where n is not a multiple of three, the K-points are missed by
2 / 3d [88] p.8. The energy bandgap Eg can then be estimated by approximating
the slope of the Dirac cone by

√
3aγ0/2. Illustratively, the height gained is meas-

ured while moving along the slope of the cone for a horizontal distance of 2 / 3d.
A factor of 2 is taken as both conduction and valance bands are separating:

Eg = 2×
(

∂E
∂k

)
× 2

3d
=

2aγ0√
3d
≈ 0.77

d
eV with diameter d of units [nm] (B.7)

Although the bandgap-diameter relation was derived for semiconducting zig-Chiral
zag nanotubes, the bandgaps of semiconducting chiral nanotubes can be estim-
ated equally accurate, as indicated by comparison with NNTB simulations [99] p.
95. The bandgap of semiconducting nanotubes is inversely proportional to the
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diameter and is in the range of 0.2–1.9 eV.
For arbitrary chiralities (n,m) the allowed cross-sections cut through K-points

only if the condition (n−m)/3 = q with integer q can be fulfilled. If the differ-
ence between the chiral indices is not a multiple of three ((n−m) = 3q + p with
p∈ {-1,1}) the nanotube is semiconducting.

The indices (n,m=n) of armchair nanotubes always fulfil the following condi- Armchair
tion (n−m)/3 = q = 0. Therefore, armchair nanotubes are expected to behave
metallic.

So far, the tubular shape of nanotubes was considered to impose nothing more Curvature
Effectsthan periodic boundary conditions. But the curvature of the wall also changes

the previously perfectly orthogonal orientation between the π orbitals and the σ
orbitals. Especially for small diameter nanotubes, the curvature induces a mix-
ing of the orbitals. Due to this hybridisation, the transfer integral γ0 becomes
different for the three bonds of a C atom with its neighbours (γ0 ⇒ {γ1, γ2, γ3}).
The effect of π-σ hybridisation is predicted to open a small bandgap in all metal- Eg curvature

lic nanotubes with n 6=m. This curvature-induced bandgap is proportional to
1/d2 and is approximately 0.04 eV for a 1 nm-diameter nanotube [47, 88, 115, 322].
Kleiner et al. presented a unified analytic expression for bandgap opening due to
curvature (and deformation). The bandgap induced by symmetry breaking be-
cause of curvature is [323]:

Eg curvature =

∣∣∣∣γ0a2

4d2 cos3θ

∣∣∣∣ (B.8)

Only the armchair nanotubes (θ = 30°) have completely vanishing bandgaps
and are truly metallic. Those nanotubes which were expected to be metallic
as they fulfill (n − m)/3 = q while neglecting curvature effects, have small
bandgaps induced by curvature effects. The size of the bandgap does depend on
diameter and chiral angle. The nanotubes with curvature-induced bandgap are
called quasi-metallic, primary metallic or small bandgap semiconducting (SGS)
nanotubes.

The different SWNTs are categorised as following. Summary of
TypesAchiral SWNTs:

• armchair nanotubes, (n,n), θ = 30°
metallic

• zigzag nanotubes, (n,0), θ = 0°
quasi-metallic if n is a multiple of 3, else semiconducting

Chiral SWNTs:

• chiral nanotubes (n,m 6= n 6= 0), 0° ≤ θ ≤ 30°
quasi-metallic if n-m is a multiple of 3, else semiconducting

For the electronic behaviour of semiconducting and quasi-metallic nanotubes,
the diameter is the most important feature. The diameter prescribes the bandgap
by ≈0.77 eV/d[nm] for semiconducting and by ≈0.04 eV/d[nm]2·cos3θ (Equa-
tion B.8) for quasi-metallic nanotubes.

The density of states per carbon atom of SWNTs can be obtained as [47] p.15: DOS in
SWNTs

D(E) =
2a

π2dγ0
∑

i

|E|√
E2 − E2

i

(B.9)
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Figure B.6: Zone folding in nanotubes. Contour plots of planar graphene in reciprocal
space and the additional restrictions imposed by periodic boundary conditions of tubu-
lar SWNTs. (a) Zone-folding for a quasi-metallic (9,0) nanotube. The cutting planes of
the periodic boundary condition hit the K-point. (b) Schematic illustration of the Dirac
cone and the allowed k⊥ states, forming the 1-dimensional subbands of the SWNT by
cross-sectional line cuts with the two-dimensional energy dispersion of graphene. (c)
Band diagram. (d) Sketch of the density of states. (e-h) Zone-folding for a semiconduct-
ing (14,0) nanotube. The cutting lines miss the K-point and an bandgap Eg occurs. The
planes are spaced by 2/d, are of length 4π/T and show θ-dependent orientation (see
(7,2) with θ = 12.2°). Partially based on work by Helbling [219] and Minot et al. [91].

where Ei = |3i + 1|aγ0/d is the energy at the bottom of the ith subband for
semiconducting nanotubes, and Ei = |3i|aγ0/d for metallic nanotubes. As typ-
ical for quasi-one-dimensional structures, the density of states increases dramat-
ically as the energy E approaches ±Ei. These peaks are called van Hove singular-
ities (VHS). For (quasi-)metallic nanotubes, the subband with i = 1 contributes a
non-zero DOS at the Fermi level, as shown in Figure B.6d. For semiconducting
nanotubes, as sketched in Figure B.6h, D(EF) is zero in the bandgap Eg ranging
from −E1 to E1 (electron/hole symmetry).

At equilibrium conditions, foremost the first subband contributes to the car-Carriers in
SWNTs rier density in SWNTs. As a consequence of the van Hove singularity at the

band edge, the density of intrinsic carriers is large. The intrinsic carrier density
of semiconducting nanotubes is larger than the intrinsic carrier density in bulk
semiconductors [47] p18. This accounts in parts for the high current densities
found in nanotube devices [99] p. 122.

The bandgap is only weakly dependent on temperature [47] p.20.Temperature

Doping of nanotubes can be achieved by many ways. Among them are electro-Doping
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statically gating, charge transfer from adsorbates or from the substrate, insertion
of atoms into the inside of nanotubes, and substitution of carbon atoms by boron
or nitride. The doping fraction (electrons/atom) at which the Fermi level reaches
the band edge can be approximated at room temperature by f ∗ ≈ 10−3/r3/2

[47] p.19. Substitution by replacing a lattice atom with another element severely
degrades the carrier mobility. Instead, doping by charge transfer from adsorbed
molecules avoids lattice displacements. Charge injection from adsorbates can
also be employed as sensing mechanism [23, 298].

B.1.4 Electrical transport
The conductance in systems with low density of defects can be described by using Landauer
the electron transmission probability according to Landauer. The ideal transmis-
sion probability is 1 for each channel. For small bias values Vds, corresponding to
energies within the first subbands, two subbands (double degeneracy) are avail-
able as channels (modes). The ideal conductance of a metallic nanotube treated
as ballistic system is twice the quantum conductance G0= 2e2/h [47] p.31. The
ideal total current is then [219] p. 17:

Ids = 2G0Vds =
4e2

h
Vds (B.10)

where e is the electron charge and h the Planck’s constant.
As summarised by F. Léonard [47] p.32, for armchair nanotubes, only one of

the modes is coupling well to metal contacts and hence a maximum conductance
of 2e2/h is expected. For zigzag nanotubes, both modes couple well and the
current carrying capacity is doubled.

Metallic nanotubes can maintain near perfect conductance even in non-ideal Scattering
surroundings. Scattering sources such as disorder, defects, surface interactions
and phonons are only weakly affecting conductance because of the following
reasons [47] pp.33: (i) Large Fermi velocity and relatively weak electron-phonon
interactions lead to long mean free paths (~microns) for scattering with acoustic
phonons. (ii) Nanotubes have crystalline, well-defined surfaces – in contrast to
disordered Si/SiO2 interfaces. (iii) Any potential which is long-ranged relatively
to the graphene lattice constant a cannot efficiently couple to the subbands. (iv)
Localization lengths because of weak disorder are long.

At low bias, electrons have only enough energy to interact with acoustic phon- High Bias
ons. At high bias, the electrons possess sufficient energy to interact also with
optical phonons. In contrast to long mean free paths for scattering with acoustic
phonons, the mean free path for scattering with optical phonons is short (~10 to
50 nm) [47] pp.40. Therefore, the current magnitude at high bias can be strongly
affected by electron-phonon scattering [324]. The current through a metallic nano-
tube substantially longer than the mean free path is saturating at ~25 µA , because
high-energy electrons are reflected by phonon emission [47] p.41.

Electrical transport in semiconducting nanotubes
Nanotubes can behave as ballistic conductors [9]. The system resistance of nano- Barriers
tube devices is often governed by the contact resistances of the metal/nanotube
interfaces. The charge carriers face barriers at the interfaces which have to be
overcome by either tunnelling through the barrier, thermionic emission over the
barrier or electron-hole recombination [325]. Compared to traditional microfab-
ricated planar contacts of metals to semiconductors, contacts to nanotube are
of even smaller dimensions. Upon connecting the semiconductor to a metal, a Fermi Level

Pinning
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metal/semiconductor interface is built. According to boundary conditions of the
Schrödinger equation, electronic states appear in the semiconductor bandgap at
the interface. These metal-induced gap states (MIGS) decay exponentially with
distance to the interface. The Fermi levels of a metal and a semiconductor are
different in general. The formation of an interface leads to a charge accumulated
near the interface. The charge in the semiconductor is balanced by charge of op-
posite sign and magnitude in the metal. For planar contacts, the electric potential
of the dipole sheet bends the bands in the semiconductor until the charge neutral-
ity level is aligned with the Fermi level of the metal [47]. Assuming the neutrality
level at the interface to be in the middle of the semiconductor bandgap, the metal
Fermi level will lie at the middle of the semiconductor bandgap. For transport
across the interface, charge carriers will face a barrier height equal to half of the
bandgap. For metal/nanotube contacts, the charge distribution is more localized
due to the small contact area. For a nanotube end-bonded to a metal plane, any
shift in potential near the interface will decay more quickly than in planar in-
terfaces. Potential shifts fade within few nanometres [326]. Consequently, the
barrier due to Fermi level pinning is very thin and charge carriers can efficiently
tunnel through the barrier [47] p.60. Also for side-contacted nanotubes, the addi-
tional barrier due to Fermi level pinning is expected to be small and is of minor
importance. But for planar metal/semiconductor interfaces, the barriers due to
Fermi level pinning are comparatively large, on the order of microns [47] p.59.

The so-called Schottky barrier φb0 at the metal/nanotube interface can be de-Schottky
Barrier scribed for electrons as the difference between the work function of the metal Φm

and the electron affinity of the nanotube χ. As a simple model, the barrier height
for holes ∆0 can be deduced from the relation Eg = φb0 + ∆0. The nanotube
midgap is approximately 4.5 eV below the vacuum level [327]. For bulk semicon-
ductors, the Fermi level pinning renders the Schottky barrier nearly independent
of Φm. But quasi-one-dimensional contacts to SWNTs allow the barriers to be
tuned by choosing an appropriate material (Φm). For large metal work functions
the Schottky barriers can diminish for holes. The metal is contacting the conduc-
tion band and an ohmic contact is expected. Φm is ~5.5 eV for Au and ~5.2 eV
for Pd. In the simple model, ohmic contact formation by Pd can be assumed for
nanotube bandgaps up to 1.2 eV (twice the difference between Φm and the nano-
tube midgap of 4.5 eV). Sufficiently small metal work functions can yield ohmic
contacts by lowering the Schottky barriers for electrons. As the Schottky barrier
height depends on the metal used, p-type transistors (hole current at negative
gate voltages) can be formed using large work function metals. Transistors with
n-type characteristic (electron current at positive gate voltages) can be obtained
using small work function metals [328]. More detailed explanations were given
by Léonard and Talin [325], or by Helbling [219] pp.19.

Ab inito studies indicate that titanium (Ti) yields better contacts to nanotubesContact
materials than Au or Al [329, 330]. However, Ti is prone to oxidise at ambient condi-

tions. Indicated by theory and supported experimentally, the best contact mater-
ial for ohmic contacts appears to be Pd [9, 331, 332]. Pd-contacted SWNT devices
showed increasing conductance at lower temperature as scattering with acoustic
phonons is reduced. The increased conductance indicates the absence of Schot-
tky barriers [9]. In case Schottky barriers are present, the decrease in temperature
reduces the thermionic emission across the barrier and resistance increases. Also
with rhodium (Rh), near-ohmic contacts were achieved [78]. Cr/Au contacts can
show Schottky barriers (5 nm Cr), which can be eliminated after annealing, sug-
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gestively caused by Au penetrating the Cr layer [333].

Diameter dependent contact properties
Experimentally, the nanotube diameter was observed to influence the Schottky Diameter

Influencebarrier height in side-contacted nanotubes [78, 334]. Owing to the small dimen-
Semiconducting
Nanotubes

sions of the nanotube, only a small region can be depleted [47] pp.61. This results
in partial band re-alignment. Schottky barriers arise at Pd/nanotube contacts

Small dfor nanotube diameters smaller than 1.4 nm, foremost because of the large band
gaps at small diameters [47, 78]. Ohmic contacts to small-diameter nanotubes can
be achieved with large metal work function metals at low temperature, or with
a large contact capacitance. Because of the latter, contact geometries where the
metal is wrapped around the nanotube are advantageous [47] p.67.

Contacts to metallic nanotubes are also influenced by the nanotube diameter, Metallic
Nanotubesalthough a Schottky barrier is not to be expected. As for semiconducting SWNTs,

the conductance deteriorates for small diameters. To describe this observation, Tunnelling
Barrierdiameter-dependant tunnelling barriers are proposed to exist between the metal

and the (metallic) nanotube [78]. The tunnelling barriers are diameter-dependent
as the surface properties and the chemical reactivity are curvature-dependent
[88] p.69.

B.1.5 Carbon nanotube field-effect transistors
The conductance of the nanotube serving as transistor channel can be modulated Gate

Configurationby a gate. In the back gate configuration, the gate is below the nanotube and is
separated by an insulating layer. Alternatively to a back gate, a top gate can be
placed on top of the nanotube, again separated by an insulating layer. Combining
both, allows to electrostatically dope the contact regions of the nanotube by the
back gate while modulating the channel conductance by the top gate [99] p.193.

The strong electrostatic coupling of the source and drain electrode at short Gate Coupling
channel length deteriorates the gate coupling. An ideal gate configuration would
be a tubular gate wrapped around the nanotubes. Needle-like contact were iden-
tified to shield gate potentials the least [183]. To maximise the gate coupling, the
distance to the channel has to be as small as possible. The gate dielectric layer
(the layer separating the gate from the channel) need a minimum thickness as
otherwise the tunnelling gate leakage current increases unacceptably. The gate
coupling can be increased by using gate dielectrics with high relative permittivit-
ies (εSiO2 = 3.9, εH f O2,ZrO2 = 15–25) [88] p.70.

Subthreshold swing and threshold voltage
The subthreshold swing S in units of mV/dec is a device performance figure Subthreshold

Swingconcerning transistor switching. S represents the change in Vg needed to obtain
a change of one decade in Ids. The smaller the subthreshold swing is the better
(less change in Vg needed for switching, less capacitive gate currents).

The threshold voltage of a field-effect transistor is the gate voltage at which Vth

the amount of induced carriers is sufficient to form a conducting channel [99]
p.209. As pointed out by Mattmann [298] p.95, there are numerous strategies
how to extract Vth. In silicon-based FETs, the threshold voltage is the minimum
gate voltage which is sufficient to induce an inversion layer. Because of the lack
of carrier inversion in intrinsic semiconductors, the threshold voltage Vthsteep for
CNFETs is often defined as the gate voltage for which the slope of Idsis steepest
(maximum of the transconductance gradient) [99] p.209. Another common con-
vention is utilised here which follows Helbling [219] and Mattmann [298]. The
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threshold voltage Vthis extracted by fitting a linear line at the point of steepest
slope of Ids, followed by extrapolating the line to zero Idsand taking the corres-
ponding Vg as threshold voltage.

Charge transport in carbon nanotube field-effect transistors (CNFETs) can beCNFETs
modelled in a ballistic or in a diffusive regime depending on the number of scat-
tering sites. In each regime, the contacts can be treated either as ohmic contacts
or as Schottky-barrier contacts.

Instead of being operated as a conventional transistor, such as a metal-oxide-MOSFET
semiconductor field-effect transistor , CNFETs are often dominated by the Schot-
tky barriers. For Schottky-barrier transistors the modulation of the barrier widthSB-FET
is governing the current. Band-to-band tunnelling is an effect not observed in con-BTBT
ventional transistors which face a limit for the subthreshold swing at 60 mV/dec.
Tunnel transistors may not be subject to this limitation [335].

The conductance G of a channel-controlled CNFET can be represented by [88]
p.35, [336]:

G(Vg) =
4e2

h
`m f p

L
(∆Vg/u)2

1 + (∆Vg/u)2 with ∆Vg = |Vg −Vth| (B.11)

where u = 8e/3πdCg with gate capacitance Cg per unit length, device chan-
nel length L and mean free path at high energies `m f p. Vth is the threshold
voltage of the transistor. More detailed models, especially for Schottky-barrier-
dominated CNFETs, are described in the following references [99] pp.119, pp.107,
[219] pp.15.

Transistor polarity
In case that the majority charge carriers are electrons, the CNFET is called n-typePolarity
and a large Idsis observed for positive Vg . If the majority charge carriers are holes
the current increases for negative Vg and the transistor is p-type. Ambipolar tran-
sistors show large currents for both, for electrons as majority carriers at positive
Vg and for holes as majority carriers at negative Vg . Pd reduces its work function
upon exposure to H2 [88] p.67, which was shown to reduce conductivity at the
p-branch by a factor of 2 at 0.5% H2, and 7 at 50% H2 respectively [9]. Exposure of
Pd contacts to H2 decreased the hole current and increased the electron current.
This change from p-type towards n-type behaviour is explained by the reduced
work function and supports the absence of strong Fermi level pinning [9].

B.1.6 Electromechanical properties
Mechanical deformation can change the electronic transport properties of carbon
nanotubes. Mechanical strains alter bond lengths and bond angles which influ-
ence the coupling between σ and π orbitals [47]. As it will be summarised inBandgap

Modulation this section, the bandgaps can be modulated – depending on chirality and type
of strain [24, 322, 337]. Sensitivity of the electronic transport characteristics to
mechanical stimuli is not only of fundamental interest, piezoresistive effects can
be exploited in nano-electromechanical systems (NEMS).

Bandgap change upon axial and torsional strain
For axial strain, a nanotube can again be treated first as unrolled graphene rib-Strain
bon. Elastic deformation along the ribbon axis results in axial strain ε. Uniform
axial strain is related to the undeformed length `0 and the deformed length ` as
ε = (` − `0)/`0. Perpendicular to the axial strain, transverse strain is induced
and contracts the sheet by a factor of (1 − ε ν), where ν is the Poisson’s ratio.
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Figure B.7: Sketch of the band structure of a quasi-metallic (n,0) SWNT using the Dirac
cone linearization. (a,b) Without strain. (c,d) With axial tensile strain. For semicon-
ducting nanotubes, the band gap increase for p = 1, or decrease for p =−1, provided
the strain is smaller than the critical strain. Based on work of Minot et al. [91].

Strain will deform the unit cell and change the bond lengths. Consequently, the
transfer integral γ0 of unstrained graphene will split into three γ1,2,3. Using the
unstrained bond length aC−C and the strained bond length ai, the transfer integ-
rals become [338]:

γi = γ0

(
aC−C

ai

)2
(B.12)

As presented by Yang and Han [311], or described in book style [219] pp. 29
[47] pp.146, the changes in the transfer integrals influence the energy dispersion.
The energy dispersion of the deformed graphene (conceptually unrolled nano-
tube) will still show crossings at the K-points. But the positions of the K-points
shift. The allowed k⊥ states of the periodic boundary condition for a nanotube
will also shift, because the diameter shrinks under strain to (1− εν)d [88] p.26.
For semiconducting zigzag nanotubes (n,0) with n = 3q ± 1, the shift of the
nearest allowed k⊥ states away from the K-point is:

∆k⊥ =
1
a

√
3(1 + ν)ε± 2

3d
(B.13)

Figure B.7 schematically illustrates the effect of strain on the bandgap of a
quasi-metallic nanotube [91], [88] p.27.

The bandgap change under small mechanical strains for nanotubes of different Yang Han
Modelchiralities was derived by Yang and Han using the Hückel tight-binding approx-

imation [311] and shows dependence on the chiral angle θ:

∆Eg(ε, ξ) = sgn(2p + 1)︸ ︷︷ ︸
+/−

3γ0[(1 + ν) cos3θ · ε︸ ︷︷ ︸
∝ axial strain

+ sin3θ · ξ︸ ︷︷ ︸
∝ torsion

] (B.14)

where p∈ {-1,0,1} obeys n−m = 3q + p and defines the sign of the bandgap
change. γ0 is again the hopping integral, ν is the Poisson’s ratio, and θ is the
chiral angle. ε is elastic axial strain and ξ is torsion.

The bandgap of zigzag nanotubes (θ = 0°) is sensitive to uniaxial tensile strain, Zigzag
but remains unchanged under torsion.
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The bandgap of armchair nanotubes (θ = 30°) is insensitive to uniaxial tensileArmchair
strain, but torsion is inducing a bandgap.

For chiral nanotubes, small chiral angles pronounce the bandgap modulationChiral
by tensile strain. Large chiral angles pronounce the modulation by torsion.

Simplified for pure axial strain, the absolute change in bandgap for a semicon-
ducting SWNT is predicted to be approximately cos(3θ)·97 meV/%.

The Yang Han model is only valid for small strains, limited because of theLarge Strain
following reason. In the zone-folding picture of semiconducting SWNTs, the
distance of the nearest cutting line to a K-point is changed in size oppositely
than the distance of the second nearest cutting line to the same K-point. In other
words, be p = +1 then the two van Hove singularities of the first pair move farer
from each other upon increasing strain – the bandgap increases. But the two van
Hove singularities of the second pair are moving closer. At a critical strain, bothCritical Strain
subbands will reach the same size of energy gap. At higher strains, the second
subband with decreasing bandgap will become the dominant one. Although the
energy gap of the formerly first subband is still increasing, the bandgap of the
nanotube will change from increasing to decreasing. At following critical strains
the bandgap change alternates from increasing to decreasing [311], which is not
covered by Equation B.14: Decreasing bandgaps start to increase as soon as the
cutting line passes the K-point (zero bandgap).

for p = 1 εcrit 1 YH =
aC−C

3d(1 + ν)cos3θ
≈ 0.039

d[nm] cos3θ

for p = 0 εcrit 0 YH = 3 · εcrit 1 YH

for p = −1 εcrit−1 YH = 2 · εcrit 1 YH

(B.15)

As pointed out by Yang and Han [311], the change in K-point not only changesInfluence of
Bandgap on

Contacts
the intrinsic electronic properties of the nanotube. The contact resistances may
also be affected.

Guo et al. [339] presented ab initio density-functional calculations which con-ab initio
firmed the characteristics of the Yang Han model. The maximum bandgap mod-
ulation rates with strain were calculated to be ±140 meV/% which is larger
than the prediction of ±97 meV/% by Yang and Han [311]. More recent work
treated lattice relaxation and bandgap change for zigzag nanotubes ab initio.
The maximum bandgap change rates with tensile strain were calculated to be
±115 meV/% with an uncertainty of ±10 meV/% [219, 340].

Small bandgap semiconducting nanotubes under deformation
The bandgap modulation upon strain for SGS-SWNTs was seen in simulationsSGS
by Yang and Han but was not covered by their analytical model [311]. Kleiner
et al. [323] expressed the bandgap modulation for SGS-SWNTs in dependence of
chiral angle θ and diameter d:

Eg =

∣∣∣∣∣
(

γ0a2

4d2 −
ab
√

3
2

ε

)
cos3θ − ab

√
3

2
ξ sin3θ

∣∣∣∣∣ (B.16)

The first fraction is the intrinsic curvature effect (Equation B.8), ε is the uni-
axial strain along the tube axis, ξ is the torsional strain (twist), and b is the
linear change of the transfer integral γ0 upon a change of the bond length
(b≈ 35 eV/nm). The largest change in bandgap is predicted for zigzag nano-
tubes of large diameters. For all SGS-SWNTs under increasing tensile strain (and
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zero torsion), the initial bandgap caused by curvature is predicted to decrease
first. The critical strain for SGS-nanotubes, where the decreasing bandgap is fully Critical Strain

SGSclosed and will start to open up again at larger strain values, is:

εcrit Kleiner =

√
3γ0a
6b

1
d2 ≈

0.55
d2 (B.17)

Figure B.8 shows the bandgap changes for SWNTs, combined for both the Yang Bandgap
Modulation
upon Strain

Han model [311] and the Kleiner model [323]. The latter covers the SGS-SWNTs,
whose changes are not included in the Yang Han model. Bandgaps are plotted as
dots for the unstrained state. The bandgaps at strains of 0.75% and 3% are plot-
ted as circles and as squares, respectively. For many semiconducting nanotubes
with large diameter and closing bandgaps (p =−1), the critical strain at Eg = 0 is
reached within 3% of strain. SGS-nanotubes also first close their bandgap. How-
ever, their initial bandgaps are relatively small. Most suited for piezoresistive
applications are large-diameter SGS-nanotubes [219], also because their initial
bandgap is closed already at small strains and thereafter increases monotonically
for a large range of strain. For semiconducting nanotubes increasing bandgaps
are preferred in case of a large system resistance, because the gauge factor deteri-
orates less pronouncedly than for decreasing bandgaps. Large diameters offer
smaller initial bandgaps which enables a large relative change in bandgap.
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Figure B.8: The bandgap in SWNTs is modulated upon pure uniaxial tensile strain accord-
ing to Yang and Han [311] and Kleiner et al. [323]. Bandgaps are calculated for zero
tensile strain (dots), for 0.75% tensile strain (open circles) and for 3% tensile strain
(open squares).

Bending
Surface-bound nanotubes are often bended during growth and kept in place by
van der Waals interactions with the substrate surface [77, 199]. For dielectro-
phoretically deposited nanotubes or devices undergoing release etching, bend-
ing around metal contacts can be expected. For small bending curvatures, the
nanotube can buckle. The conductance is not much affected unless the bending
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radius in smaller than 20 nm [47] p.137. Yang and Han [311] mentioned that
in pure bending the bond stretching and compression is cancelled along the cir-
cumference. Positions of K-point and VHS are invariant. The VHS intensity is
increased at the elongated bonds and decreased at the compressed bonds [311].
A bend-induced bandgap opening for quasi-metallic nanotubes was calculated
for a bending radius Rb [341]:

Eg = c(θ) ·
(

r
Rb

)2
eV (B.18)

where c(θ) is a factor of value 0 to 0.42 depending on the chiral angle θ. The
radius of the nanotube r is d/2. Taking a d = 2 nm nanotube, a bend radius as
small as 20 nm is needed to result in a bandgap of 1 meV.

By transmission electron diffraction, a C-C bond stretching was observed forIntrinsic
Curvature the inner wall relative to the outer wall of a 0.7-nm-diameter double-walled car-

bon nanotube [342].

Radial deformation
Bandgap changes upon uniform radial expansion or compression of SWNT hasUniform
be modelled [343, 344]. Upon radial compression, a bandgap can open up in
armchair nanotubes [344] and in metallic zigzag nanotubes [343]. DeformationsNon-uniform
caused by van der Waals interactions with the substrate [199] or by mechanical
loads from external probes [213, 345, 346] can cause a non-uniform change of the
cross-section and influence conductivity [345]. Radial deformation of bundled
SWNTs was also deduced from electron diffraction pattern [232, 347]. Perfectly
line-symmetrically squashed armchair SWNTs do not show a bandgap. But by
changes in symmetry, substantial bandgaps can be induced on the order of hun-
dreds of milli-electronvolts. Non-regular oscillations of the bandgap were sim-
ulated [47, 344]. For large compression, the bandgaps vanish, as summarised
by F. Léonard [47] pp.152. The predicted oscillations are indicating that radial
squeezing might be difficult to be exploited for transducers.

Piezoresistivity: Electrical transport under strain
To exploit nanotubes as strain-sensing transducers, the bandgap change has toBackground
be measured. As discussed by T. Helbling [219] pp.35., the bandgap change
can be assessed by optical or electrical means. Optical methods, such as Raman
spectroscopy or Rayleigh scattering [167, 348], are typically expensive and not
suitable for miniaturised systems. The same applies for spectroscopy measure-
ments based on scanning tunnelling microscopy. In contrast, electrical readoutElectrical

Readout is less costly and can be implemented on smaller system dimensions. The
strain-induced bandgap change influences the resistance, enabling piezoresistive
readout schemes. The resistance R can be extracted from the measured current
Idsand the applied bias Vdsusing Ohm’s law: R = Vds/Ids. Analytical models
[25, 91, 218] can be used to predict the resistance change at the transistor off-state
owing to a bandgap change. Based on the model of thermally activated transport
at low bias, the resistance at the off-state in dependence of Eg is [91]:

R = Rc +
h

8e2 |T |

[
1 + exp

(
Eg(ε, ξ)

kBT

)]
(B.19)

where Rc is the contact resistance, ε and ξ are axial and torsional strains, kB is
the Boltzmann constant, T is the temperature and T is the transmission function
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Figure B.9: Piezoresistive effect in SWNTs plotted according the Yang and Han [311].
Bandgap Eg, resistance R in linear scale, current Idsin semi-logarithmic scale, and
gauge factor in dependence of uniform axial tensile strain. (left) Zigzag (23,0) nano-
tube with p =−1. (right) Zigzag (25,0) nanotube with p = 1.

of a quantum channel.
For a piezoresistive sensor element, sensitivity is described by the gauge factor Gauge Factor

(GF). The gauge factor is the relative change in electrical resistance per strain:

GF =
∆R
R

1
ε

(B.20)

This definition is the differential gauge factor, associated with an infinitesimal
change in resistance from an arbitrary initial resistance (at a specific ε). The GF
can vary with the strain level and represents a local GF at a specific level of strain.
The engineering gauge factor has to consider finite changes in strains to allow
measurement of finite resistance changes: GFe = [R(ε2)− R(ε1)]R−1ε−1. An ex-
ponentially increasing GF is obtained only if the resistance change is considered
for large strains with respect to the resistance in the undeformed state. Figure B.9
shows the differential GF for a zigzag nanotube calculated using the thermally
activated transport given in Equation B.19. The maximum GF exceed the GFs of
metal strain gauges (~2 for thin films to ~4) and of doped Si (~−120 to +200)
Nanotubes of small chiral angle yield larger bandgap modulation. The nano-
tube class p =−1 result in decreasing gaps and increased currents. The GF of
nanotubes of class p = 1 is less affected by contact resistances. For sensor oper-
ation in a large strain range, the critical strain has to be considered because a
non-monotonous current change renders the sensor output ambiguous. Suitable
nanotubes for displacement sensing in a large strain regime are SGS-nanotubes
which show increasing bandgaps after a small amount of prestraining.

Temperature-induced resistance changes can crosstalk with strain. Bias has to Temperature
be adapted according to the device resistance to limit the effect of self-heating.
Creep can be pronounced at elevated temperatures in metallic strain gauges.

According to Yoon and Guo [349], the conductance change in a CNFET is af- CNFET
Performance
Tuning

fected most at the current off-state. They predict an increase in current by a factor
of 10 for 1% of strain in a (17,0) Schottky-barrier CNFET. For a (16,0) nanotube
(p = 1), the bandgap enlarges with strain and results in a smaller current at the
off-state. The on-current is also decreasing, but with a smaller magnitude. Hence,
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strain is predicted to be a mean to tune the ION/IOFF ratio.
Guo et al. [339] attributed small modulation in conductance of strained nano-Fermi Level

Pinning tubes to the pinning of the Fermi level near the valence or near the conduction
band. The substantial gap opening due to strain does not necessarily need to be
fully represented in a conductance change, unless a local perturbation is applied
such as electrostatic gating or additional mechanical deformation induced by a
local probe.

Summary on electromechanical properties
Nanotubes show a pronounced and divers bandgap dependence on strain andSummary
torsion. Armchair nanotubes remain metallic under axial strain as the mirror
symmetry is preserved. Torsion is inducing a bandgap opening. In zigzag nano-
tubes, the bandgaps change upon uniaxial strain, while torsion is not affecting
the bandgap. For increasing strain, a reversal of the change in bandgap can occur.
An increasing bandgap starts to decrease from a crossover point on: At a critical
strain, the increasing gap of the lowest subband becomes larger than the decreas-
ing gap of the second lowest subband. For larger strain ranges, the number of
chiralities with monotonous current change decreases.

B.2 Characterisation techniques for carbon nanotubes
Techniques for the characterisation of nanotubes are presented based on scanningOverview
probes, electron beams, optical excitation and electrical transport. From high-
resolution images and electron diffraction pattern, the chiral indices (n,m) can be
directly deduced. Assignment of indices by spectroscopic techniques is indirect,
as modelling of vibrational and electronic properties are required [70] p.37.

B.2.1 Transmission electron microscopy (TEM)
In transmission electron microscopy [350, 351] an electron beam is passedTEM
through the specimen and projected on a screen for image formation, as illus-
trated in Figure B.11a. Changing the current of the electromagnetic lenses adjusts
the magnification obtained on the screen. The fundamental advantage of electronWavelength
microscopy compared to optical microscopy is the reduced wavelength of elec-
trons compared to photons in the range of visible light. As large mean free pathsSample

Requirements of the electrons are needed, the beam path has to be evacuated. The sample has to
be electron transparent and therefore needs to be thin. For typical electron beam
energies of 100–300 keV a reasonable sample thickness is smaller than 100 nm, de-
pending on the atomic mass and atomic packing density of the sample. CarbonAtomic Mass

Contrast has the atomic number 6 and a standard atomic weight of 12.01. This results in
a relatively small scattering cross-section with high-energy electron beams. ToPhase Contrast
obtain the contrast of a phase object, the microscope must be slightly defocused.
The nanotube walls show more contrast at small underfocus, ~1.2 Scherzer defo-
cus. The nanotube side walls appear as dark lines accompanied by bright lines
farer away from the nanotube axis [70] p.55.

Deviations from ideal lens properties are called aberrations and deteriorateAberrations
image resolution.

Astigmatism aberration is an off-axis effect which distorts the beam yieldingAstigmatism
elliptical shapes in underfocus and 90°-rotated elliptical shapes in overfocus,
caused by different focal depths for ray paths passing the lens with different ro-
tational orientation.

Coma is an aberration causing off-axis shifts between the focal points of beamComa
paths at the centre part of the lens and the outer part of the lens.
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Spherical aberration is an on-axis lens imperfection causing different focal Spherical
Aberrationpoints for the beam paths at the centre of the lens than for the beam paths at the

outer part of the lens. In light optical systems, aspherical lens shapes can com-
pensate spherical aberration. In electromagnetic lens systems, multi-pole lenses
(Cs-corrector) are used to minimise spherical aberration [352],[351] p. 229.

Chromatic aberration is a lens imperfection causing different focal points for Chromatic
Aberrationrays of different energy. In light optical systems, chromatic aberration can be com-

pensated by including concave lenses in addition to the convex lens (achromatic
lens). In electron lens systems, the effect of chromatic aberration is minimised
by narrowing the energy distribution of the beam (cold field-emitter, monochro-
mator).

Diameters measured from a TEM bright-field image as the distance of the two Diameter from
Imagingdark lines was reported to be generally smaller than the real nanotube diameter

and to depend on nanotube alignment with respect to the incident beam (inclina-
tion angle τ) [353]. The discrepancy in apparent and real diameter was found to
be typically less than 10% for nanotubes larger than 1 nm.

Recent double-aberration-corrected TEM images (JEOL-2200FS TEM/STEM, Aberration
Correction80 kV) proved accurate measurement of the SWNT diameter, well matching the

theoretical diameter calculated from indices assigned by electron diffraction [354].
Aberration-corrected TEM [351, 352] at 80 kV enables atomic-resolution TEM ima-
ging of SWNTs [355, 356], including visualisation of defects [357, 358] and can
enable measurement of chiral indices [84, 356, 357, 359].

Atoms of the top and bottom surfaces of the nanotube are most susceptible to Knock-on
Damagebe ballistically ejected by an incident electron. For energies larger than 139 keV,

all atoms can be knocked out [291]. Small-diameter nanotubes can suffer damage
at 80 keV [292].

Increased contrast is achieved for lower beam energies, as the atomic scattering Low Voltage
factor scales with electron wavelength [291]. Aberration-corrected low-voltage
TEM at 20 kV improves contrast for carbon materials and enhances stability of
beam-sensitive objects such as fullerenes [360].

Differential pumping systems enable increased pressures around the sample. Environmental
TEMEnvironmental TEM demonstrated the observation of dynamic effects during

SWNT growth [125].

Experimental: TEM imaging – CM12
For this study, TEM images were recorded on an FEI CM12 microscope at the CM 12
Electron Microscopy Facility of ETH Zurich (EMEZ). The acceleration voltage of
the CM12, shown in Figure B.10, can be tuned from 120 kV to 60 kV and hence
provides operation below the knock-on damage threshold of 87 kV for carbon
nanotubes [291]. The electron gun is equipped with a tungsten filament. Liquid
nitrogen cooling of Cu fingers is available to enhance the vacuum conditions
around the sample.

Sample Holders
Due to preferably small spacings between the pole pieces of the electromagnetic Space
lenses above and below the specimen, the space for specimen holders is restric-
ted to typically less than 6 mm. The CM12 is equipped with a double-tilt holder Standard

Holderswhere a hexring is clamping the sample of maximum size of 3 mm in diameter.
A single-tilt holder is shown in Figure B.10 b. Chip sizes slightly larger than
5 mm× 3 mm can be loaded, however their top surface is touched by the clamp-
ing ring with inner diameter of 2.3 mm.
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Figure B.10: (a) TEM microscope CM12. (b) Single-tilt holder with half-way withdrawn
clamping ring.

A special sample holder with electrical feedthroughs1 connecting to printedElectrical
Feedthroughs circuit boards (PCBs) was used to deliver power to wirebonded MEMS actuators.

B.2.2 Electron diffraction
Transmission electron diffraction is based on TEM and capable of measuring theChirality

Assignment chirality of carbon nanotubes [6, 94, 95, 97, 98, 114, 236, 296, 361, 362].
High-energy electrons have wavelengths shorter than the spacing betweenDiffraction

atoms (λ100 keV = 3.7 pm = 0.0037 nm). The atomic lattice of a thin crystal acts as a
diffraction grating for a parallel electron beam. Depending on the periodicity
of the crystal lattice, some of the electrons are scattered in specific directions.
Electrons scattered in a certain direction will pass through the same point of the
back focal plane, as illustrated in Figure B.11. Unscattered electrons pass straight
through the sample and form an intense spot at the centre of the back focal plane.
In TEM imaging mode, the electrons of these spots propagate, interfere, and form
an image on the detector screen. In electron diffraction mode, the spots of the
back focal plane are recorded, as sketched in Figure B.11b. Technically, the projec-
tion lens is weakened such as to record the diffraction spots instead of the image
(the image would be formed far behind the detector). The detector screen records
the diffraction pattern: the physical Fourier transform of the image.

To obtain the crystal features of a nanoscale area, a parallel electron beam isNanoarea
Electron

Diffraction
formed by Köhler illumination [97] and is illuminating a small part of the sample
by making use of a small condenser aperture. Alternatively, an aperture for selec-
ted area electron diffraction (SAED) can constrict the area which contributes to
the diffraction pattern.

For graphene oriented perpendicularly to the penetrating electron beamGraphene
(τ = 0°), the diffraction pattern yields a hexagonal array of spots [363], as sketched
in Figure B.12a. Highlighted in Figure B.12b, the innermost diffraction spots,
closest to the unscattered zero beam, are arranged as a hexagon. They result
from the 0.213 nm atomic lattice spacing shown in Figure B.12d. Using the Miller-
Bravais indices (hkil), the innermost hexagon is labelled with (0-110). The second
smallest hexagon with indices (1-210) originates from the 0.123 nm spacing [363],

1 The holder is owned by Prof. D. Poulikakos, Laboratory of Thermodynamics in Emerging Techno-
logies (LTNT) at ETH Zürich and was designed by Nicole Bieri and Mr. Dörfler.
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Figure B.11: Schematic illustration of the beam path in TEM electron diffraction. (a) Sim-
plified TEM imaging mode. The image is projected onto the detector screen. (b) Simpli-
fied TEM diffraction mode. The projection lens is weakened and the back focal plane
is projected onto the detector. Adapted from EMEZ. © EMEZ - ETH Zurich, 2008.

shown in Figure B.12c. The diffraction pattern corresponds to reciprocal space.
Hence, a narrower pitch of the real crystal lattice spacing leads to a more exten-
ded pitch of the diffraction spots.

0.213 nm

123 pm

213 pm

dc

(0–110)

(0–210)

ba

d

c

Figure B.12: (a) Sketch of the diffraction pattern of graphene. A planar graphene sheet
oriented perpendicularly to a parallel beam of penetrating electrons scatters some
electrons in characteristic angular directions. The obtained diffraction pattern shows
a hexagonal array of intensity spots. (b) The (0-110) diffraction spots arranged as
hexagon closest to the unscattered zero beam (indicated as larger dot) originate from
the 213 pm lattice spacing shown in (d). (c) Real graphene lattice with highlighted
spacing of 0.123 nm which gives rise to the (0-210) diffraction spots forming the larger
second-order hexagons. (d) 213 pm spacing of the real graphene lattice causing the
zero-order.

The diffraction patterns of SWNTs are unique for each chirality (n,m) [6]. Fig- SWNTs
ure B.13a shows the simulated diffraction pattern of a (18,2) nanotube. The
FORTRAN code of the DIFFRACT simulation was provided by courtesy of Ph.
Lambin et al. [95]. Again, a SWNT can be described starting with graphene and
then including curvature effects. The electron beam penetrates the wall of the
nanotube twice, first at the top while entering the nanotube and then at the
bottom while leaving the nanotube. Neglecting curvature and multiple scat-
tering, both graphene sheets of the top and the bottom wall contribute each a
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hexagonal spot pattern. For chiral angles >0°, the two graphene sheets are rotatedRotation
with respect to each other and consequently their diffraction spots rotate around
the central zero beam in reciprocal space. Figure B.13b shows a small rotation
[θ = 5.21°], and B.13d a large rotation [θ = 27.16°]. Owing to curvature and smallCurvature
diameter of the nanotube, the diffraction spots are elongated perpendicularly to
the nanotube axis [361]. The primary graphene reflections (0-110) lead to three
pairs of layer lines, labelled with L1, L2, and L3. Each horizontal layer line passes
through two elongated spots: through the clockwise rotated graphene reflections
and through the counter-clockwise rotated reflections. The layer lines L4, L5, and
L6 correspond to the (0-210) graphene reflections (second-order hexagons). The
intensity along the layer lines is governed by Bessel functions [361]. The layer
line pairs are symmetric to the equatorial line.

The central spot is accompanied by the equatorial line of high intensity. TheWalls→
Equatorial

Line
equatorial line is oriented perpendicularly to the nanotube axis and its intensity
is modulated by the square of a zero-order Bessel function. The electron wave
is scattered strongest at the outermost part of the nanotube where the walls are
nearly parallel to the electron beam. As a qualitative analogy, the equatorial line
is the far-field of a double slit interference pattern [296].

The chiral angle can be estimated as rotation angle measured between the firstRotation
Angle ≈ θ scattering intensity maximum of layer line L3 and the axial direction (here ver-

tical). Cylindrical correction factors have to account for the discrepancy between
the apparent rotation angle and the true chiral angle. Correction factors are
largest for small n [364].

Simulation theory of diffraction patterns by the path summation approachTheory
or by calculating the Fourier transform of projected atomic potentials were de-
scribed by Meyer [70] pp.40. The 3-dimensional Fourier transform of a nanotube
exhibits a set of discs oriented perpendicularly to the nanotube axis. For ortho-
gonal incidence of the beam on the nanotube, a planar section through the discs
approximates the Ewald sphere. The inclination angle τ is the deviation fromInclination

Angle orthogonal orientation of the nanotube axis with respect to the incident electron
beam. The approximately planar section is tilted if τ 6= 0°. Consequently, the
layer lines shift away from the equatorial line and change their intensity distribu-
tion [70] p.59.

The intensity periodicity of the equatorial line is related to the diameter d. TheEquatorial
Line⇒ d intensity distribution along the equatorial line is dominated by the square of the

zero-order Bessel function J0(πdR). R is the reciprocal vector along the equatorial
line. The diameter d can be extracted from the following expression, as described
by Liu et al. [96]:

d =
Xj

πRj
(B.21)

where Xj is the unit-less value for which the square of the Bessel function J0(x)
reaches its j-th maximum. The fifth maximum is reached at X5 = 16.4706. Rj is
half the distance between the j-th peak maxima (Xj, exp) measured from the ex-
perimental diffraction pattern in units of nm−1. If the first maxima were oversat-
urating the detector, the ratio Xj/Xj−1 can be used to identify the peak number
j [365]. The equatorial line is affected only very little by nanotube inclination τ
(slight curvature at extreme inclination).

A double-walled nanotube shows an additional intensity modulation of theDWNT
equatorial line [310], and in general two sets of layer lines. The mean diameter
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Figure B.13: (a) Simulated electron diffraction pattern of an (18,2) nanotube with a dia-
meter of 1.494 nm and a chiral angle of 5.21°. (b) The equatorial line shows intensity in-
tervals related to the nanotube diameter (Equation B.21). The distance of the layer lines
L1 .. 6 from the equatorial line are called layer line spacings d1 .. 6 and are related to the
chiral angle θ. Ratios of d1 .. 6 provide a route to extract the chiral angle (Equations B.22,
B.24). The apparent rotation angle can deviate from the true θ due to cylindrical effects
for small n [364]. (c) Simulated pattern of a (25,21) nanotube with [3.123 nm, 27.16°] (d)
The equatorial line is perpendicular to the nanotube axis. The patterns are simulated
for perpendicular incidence of the beam on the nanotube (τ = 0°). Code for diffraction
simulation was provided by Ph. Lambin [95] and implemented for MATLAB® by C.
Roman.
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is labelled dm and the interlayer distance is labelled c. The intensity is approxim-
ated by the product of the squared zero-order Bessel function |J0(2πdmX)|2 and
the modulation related to the interlayer distance |cos(2πcX)|2 [310].

For bundles of SWNTs, the spot positions of the equatorial line are depend-Bundles
ing on the stacking distances of the nanotubes within the bundle and can have
complex intensity distributions [347, 366]. Multiple SWNTs show multiple sets
of layer lines, unless the same θ occurs several times.

Layer line spacing ratios

The layer line spacings can be used to extract accurately the chiral angle θ [364].Layer Line
Spacings⇒ θ The layer line spacing di corresponds to the layer line Li, as indicated in Figure

B.13b,d. The spacings d1,2,3 of the principal layer lines, with d1≤d2≤d3, can
be measured and inserted in the following ratios considering either all three spa-
cings d1,2,3 or the larger spacings d2 and d3 only [365]:

θ = atan
(

d2 − d1√
3 d3

)
= atan

(
2d2 − d3√

3 d3

)
(B.22)

Inclination of the nanotube axis (τ 6= 0) does not affect the relative layer lineIndependence
on Inclination spacings.

The relative spacings are also independent of diffraction astigmatism or of the
scale, set by the camera length. The chiral angle can be accurately measured with
a precision of up to 0.1° [70] p.57. An error calculation can be found in work of
Liu et al. [96].

The ratio m/n can be obtained from the layer line spacings. It is independent ofLayer Line
Spacings⇒

m/n
the inclination angle τ of the nanotube with respect to perpendicular orientation
to the electron beam [287, 296, 362]:

m
n

=
2d2 − d3

2d3 − d2
=

d3 − 2d1

d1 + d3
= 1− 3d1

d5
=

3d3

d5
− 2 =

2d6 − 3d3

3d3 − d6
(B.23)

Intrinsic layer line spacings

Jiang et al. introduced the so-called intrinsic layer line spacings to rule out am-Measure τ

biguities resulting from nanotube inclination τ which affects the apparent chiral
angle. Moreover, the inclination angle τ is extracted. The intrinsic spacings Di
are defined as layer line spacing di multiplied with the nanotube diameter d:
Di = d ·di. From experimental diffraction patterns, Di is obtained by measuring
di and the regular distance δ between intensity peak minima of the equatorial
line, as:

Di =
di
δ

(B.24)

Since Di is unit-less (pixel/pixel), calibration of the diffraction pattern is not
needed, respectively included by the measurement of the interval δ.

Each intrinsic layer line spacing has a geometrical relation to n and m. Evalu-
ating any set of two of those relations results in a pair of equations for n and m.
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For the experimentally most pronounced layer lines, the equations are [296]:

D2, D3 ⇒ n =
π√

3
· (2D3 − D2), m =

π√
3
· (2D2 − D3) (B.25)

D3, D6 ⇒ n =
π√

3
· (3D3 − D6), m =

π√
3
· (2D6 − 3D3) (B.26)

D3, D4 ⇒ n =
π

2
√

3
· (3D3 − D4), m =

π√
3
· D4 (B.27)

D2, D5 ⇒ n =
π√

3
· D5, m =

π

2
√

3
· (3D2 − D5) (B.28)

For non-perpendicular orientation of the nanotube (τ 6= 0) the values deduced
from the experiment nexp and mexp will deviate from the real values of n and m
by the inclination-effect errors εn and εm:

nexp = n · 1
cosτ

= n + εn, mexp = m · 1
cosτ

= m + εm (B.29)

As the error εn, m increases with increasing chiral indices, it is more robust to
evaluate first m, as m≤ n. Afterwards, n can also be deduced from the m/n ratio
given by Equation B.23 [296]. The maximal tolerated inclination angle τmax can
be estimated by τmax = acos[m/(m + 0.9)]. The procedure is reliable for τ < 20°
if m≤ 15. Cross-checking with the diameter measurement after calibration is re-
commended.

To calibrate the pattern for deduction of the diameter, the tilt angle can be cal-
culated after n and m were assigned (possibly tentatively yet):

cosτ =
n

nexp
=

m
mexp

=
D3

D3,exp
=

2n + m√
3π · D3,exp

=
D6

D6,exp
=

√
3(n + m)

π · D6,exp
(B.30)

By considering the inclination angle τ, the absolute calibration of the diffrac-
tion pattern can be obtained by calculating the scale for a layer line spacings
[296]. For instance for d3, based on the graphene lattice constant a:

d3 =
2
√

3
3a
· cosθ

cosτ
(B.31)

The diameter in units of nanometres is then obtained from: Intrinsically-
calibrated d

d =
1

δ[nm−1]
=

1

δ[pixel] ·
d3[nm−1 ]

d3[pixel]

=
d3[pixel]

δ[pixel]
· 3a

2
√

3
· cosτ

cosθ

(
=

D3,exp

d3[nm−1]

)
(B.32)

Based on the intrinsic layer line spacings, an index assignment strategy for DWNTs
double-walled carbon nanotubes was presented by Liu et al. [234].

Layer line intensity profiles
The intensity profiles along the layer lines are Bessel functions whose order are Layer Line

Intensity
⇒ n; m

related to the chiral indices n and m. The scattering amplitude is a summation of
Bessel functions of different order according to the selection rule [362]. One or-
der of Bessel function dominates the intensity distribution of a certain layer line.

165



B Theory and methods: Carbon nanotube properties and characterisation

0-40 -30 -20 -10 10 20 30 40X [a.u.]

 

 

In
te

n
s

it
y

 [
a

.u
.]

2X1

2X2

2Z1

2X1

Ä1,2

Figure B.14: Layer line profiles along L3 and L2 can be approximated by the Bessel func-
tion of orders n and m according to the chiral indices. The Bessel function orders
are extracted from the ratio X2/X1 as proposed by Liu et al. [287], or from the ratios
2Z1/∆1,2 and 2X1/∆1,2 as proposed by Jiang et al. [368]. Solid line is for n = 18, dashed
line is for n = 19.

The intensity of the layer line L3 is a Bessel function Jn(x) of order n, where x is
the coordinate along the layer line in reciprocal space. As shown in Figure B.14,
the distance between the first intensity peaks is 2 ·X1. The distance between the
second largest intensity peaks is 2 ·X2. The ratio of X2/X1 is depending on the
order of the Bessel function. Hence, the chiral index n can be found by extracting
X2/X1. Analogously, the intensity peak position ratio of the middle layer line
L2 is related to by a Bessel function Jm(x) of order m [287]. For n = 1 the ratio is
2.892, and approaches 1 for increasing n. For large n, the difference between the
ratio for n and n + 1 becomes small. Fitting the full Bessel function can be more
accurate as more intensity peaks can be considered. To match the experimental
intensity of the peaks and not only their position, a radial damping factor is re-
quired [367]. In contrast to the layer line spacing ratios, the layer line intensitySensitive to τ

profiles are sensitive to the inclination angle τ: position and intensity distribution
change [368]. Therefore, non-perpendicular incidence of the beam with respect
to the nanotube axis has to be avoided. Layer lines with wider spaced intensity
peaks (higher order Bessel functions) are less distorted by inclination than those
corresponding to a small chiral index [368]. The intensity layer line profiles are
especially helpful for analysis of DWNTs, as the equatorial line is not involved
[368].

An improved readout scheme was presented by Jiang et al. [368]. Instead ofNormalised
taking X2/X1, the distance 2·X1 between the first pair of intensity peaks is nor-
malised by the interval between the first and the second intensity minima ∆1,2.
A second value is extracted by normalising the distance between the first pair of
intensity minima. Both values are related to the Bessel function order correspond-
ing to n for L3 and to m for L2.

More detailed derivation of diffraction theory can be found in [70, 95, 97]. In-
dependently of this Section, recent reviews on chirality determination methods
were provided by Allen et al. [98] and Zhao et al. [236].

166



B.2 Characterisation techniques for carbon nanotubes

Experimental: Electron diffraction – CM12
Electron diffraction pattern were recorded at 80 kV or 100 kV using the FEI CM12 TEM Electron

Diffractionat EMEZ. At an acceleration voltage of 100 kV the contrast is slightly improved.
Although the knock-on damage threshold of 87 kV is exceeded, loss of nanotubes
did not occur at low intensities used for diffraction. A 100 to 300 nm long seg-
ment of a straight [70] p.56, suspended SWNT was illuminated. The diffraction Imaging Plates
patterns were recorded on imaging plates during 300 s at a camera length set to
770 mm. Imaging plates allow diffraction measurements at high dynamic range.
Unlike for CCD cameras where overexposure must be prevented, a beam stop for
the bright zero-order beam is not required. Data readout at 16-bit, 5744 × 5066
pixel was performed at high gain of the scanner. The empty sample holder was
cleaned for 20 min in plasma (25% O2 + 75% Ar) (Fischione Instruments, plasma
cleaner Model 1020). Plasma ashing is crucial to minimise carbonaceous depos-
ition [233] during long exposure times. Detailed description of how to record
diffraction pattern can be found in Appendix A.2.

B.2.3 Scanning electron microscopy (SEM)
A scanning electron microscope [369] scans a focussed electron beam along the SEM
specimen surface. Caused by the impinging beam, secondary and backscattered
electrons are emitted from the specimen. Collecting these electrons by a detector
allows assigning intensity to each pixel of the scanned area. Besides material
contrast due to material-dependent backscattering and charging effects, the topo-
graphy of the sample contributes to the contrast. Secondary electrons can more
numerously escape at edges of the specimen. Resolution in SEM is limited by Resolution
the range from which electrons are ejected – which is larger than the beam size.
The lower the acceleration voltage and the larger the atomic mass of the sample,
the smaller the interaction volume becomes from where secondary electrons are
ejected. Surface-bound nanotubes appear bright and broad at low acceleration Apparent

Diametervoltages owing to electron-beam-induced charges accumulating on the SWNTs
[277].

Major advantages of SEM over TEM are the relaxed sample requirements. As Sample
Requirementsno projection lens is needed below the specimen, the chamber and the specimen

can be relatively large. The sample can be thick as electron transparency is not
needed.

Experimental: SEM - Ultra55
Field-emission scanning electron microscopy images were recorded at the Zeiss
ULTRA 55 or ULTRA plus at FIRST, or at the NVision40 crossbeam SEM/FIB at
EMEZ. All instruments are equipped with a GEMINI® columns. Typical opera-
tion voltages were 1.2 kV on substrates and 2.4 to 5 kV for suspended CNTs. For
images with inclined sample orientation, the depth of focus was increased by
using 10 kV and the lens settings of the high current mode.

B.2.4 Scanning transmission electron microscopy (STEM)
In a scanning transmission electron microscope [351], the focussed electron beam STEM
is scanned along the specimen and the penetrating electrons are collected for im-
age formation. In a simplified view, an STEM can be described as an SEM oper-
ated in transmissive mode. The ray path starts at the electron gun, followed by
the condenser lens and objective lens and the sample stage. A coil deflects the
beam to scan the area of interest and defines magnification. Opposed to TEM, a
projection lens is not needed as the intensity is collected pixel by pixel.
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STEM images can be recorded in bright-field or in dark-field mode, namelyImaging
Modes as phase contrast image (TE) or as Z-contrast image (ZC). The TE detector is

a circular detector centred to the beam axis. The ZC detector has the shape of a
concentric ring and is hence recording only the electrons which were deflected by
interaction with the specimen. Owing to the scanning type of image formation,
secondary electron images (SE image) can be collected by the use of an Everhart-
Thornley detector.

At 80 kV, energy-filtered elemental maps were recorded of SWNTs revealingChemical
Mapping elemental distribution of C and Fe [354].

Nanodiffraction pattern can be recorded by widening the beam in STEM.Diffraction
The contact geometry between Pd clusters and a suspended SWNT was recon-Tomography

structed by annular dark-field electron tomography and reveiled deformation of
the nanotube [187].

Experimental: Spherical-aberration-corrected STEM – Hitachi HD-2700
The Hitachi STEM HD-2700 located at EMEZ is equipped with a Cs-corrector us-Cs-corrected

STEM
HD-2700

ing a hexapole transfer lens design from CEOS. The dedicated STEM, designed
for 200 kV, can also be operated at 120 kV and is equipped with the option for
80 kV. The gun is a cold field emitter. The measured pressure in the specimen
chamber can reach 10−5 Pa. The lateral sample movement is ±1 mm and theSample Holder
height movement is ±0.4 mm. A specimen tilt of ±18° is applicable for the
high resolution lens (changes according to sample position). A dedicated MEMSMEMS Holder
sample holder was purchased from Gatan to accommodate MEMS dies wire bon-
ded to PCBs.

Although nanodiffraction is available for 200 kV, diffraction is not available forDiffraction
80 kV nor for 120 kV. As a beam stop for the zero-order beam is missing, long ex-
posure times would be prohibited by the sensitivity of the CCD camera anyways.

The HD-2700 is an STEM dedicated to analysis. Combined STEM/TEM ima-Dedicated
STEM ging is not available as the projection lens required for TEM imaging is not incor-

porated.

B.2.5 Raman spectroscopy and related optical techniques
Phonons are quantised vibrations of the atomic lattice. The atoms are connectedPhonons
by springs, allowing for vibrations. Impacting optical photons can induce phon-Basic Principle
ons. In a Raman scattering event, a photon is firstly exciting an electron from
the valence band into the conduction band. Secondly, the excited electron is emit-
ting a phonon and thereafter relaxes to the valence band while emitting a photon
of lower frequency (Stokes process). On the other hand, excited electrons can
absorb phonons and emit an optical photon of higher energy (Anti-Stokes pro-
cess). Higher order and multiple phonon scattering events are also possible [370].
In Raman spectroscopy, the specimen is excited by a monochromatic laser beam
and the spectral intensity distribution of the backscattered (or transmitted) light
is analysed. In nanotubes, there are transverse, longitudinal, twist, and radial
phonon modes [370, 371]

The radial mode is a synchronous expansion/contraction of all atoms withRBM
respect to the nanotube axis and is called radial breathing mode (RBM). TheωRBM (d)
phonon frequency of the RBM ωRBM is related to the nanotube diameter d. The-
oretical models predict for individual, pristine SWNTs a relation of ωRBM = C1/d
[371]. Interaction effects arising from dispersion in surfactant-stabilized solution,
nanotube bundling, or substrate adhesion are assumed to require a second fitting
parameter C2: ωRBM = C1/d + C2. The nanotube diameter d is obtained from the
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experimental relation to the RBM frequency:

d =
C1

ωRBM − C2
[nm] (B.33)

The experimentally determined values for C1 and C2 vary significantly [276, 290].
Table B.1 lists the parameters determined for different nanotube conditions.

Table B.1: Experimental parameters C1 and C2 for the diameter-RBM relation determined
for different nanotube conditions.

Nanotube conditions Reference C1 C2

[rel. cm−1 ·

nm] [rel. cm−1 ]

Surfactant-surrounded
in water suspension

Bachilo et al.
[289]

223.5 12

Surfactant-surrounded
in water suspension

Alvarez et al.
[372]

232 6.5

High-density mats Robertson et al.
[373]

220.4±0.7 7.4±0.7

As-grown SWNTs in contact with
a Si/SiO2 substrate

Jorio et al.
[374]

248 0

Dry, suspended by a resist-based
process & wet etchinga

Meyer et al.
[290]

204 27

As-grown, ultralong, large-
diameter SWNTsa

Liu et al.
[15]

228±1 0b

a Relation was determined on individual SWNTs characterised by electron diffraction
b C2 equals zero which matches the theoretical prediction for pristine SWNTs

In cases where potential chirality candidates are spread far enough, the chir- Tentative
Chirality
Assignment

ality (n,m) can be assigned based on the RBM position and comparison to the
resonance modes calculated by tight-binding models [288, 373]. Chirality assign-
ment based on RBM is not completely unambiguous [92, 93].

The shape of the G mode and a redshift in the transition energy can indicate Bundles
bundling of nanotubes [93]. The diameter of nanotubes measured in a bundle are
underestimated [93].

Radial breathing-like modes are also present in MWNTs [375]. MWNTs

The G mode of metallic nanotubes is split in a sharp component at about Metallic

1590 rel. cm−1 (transvers-optical TO, high-frequency mode G+) and in a broad
component at a lower frequency (longitudinal-optical LO mode, G−) of Breit-
Wigner-Fano shape [93]. The G− mode is diameter-dependent [93, 376] and can
be used to determine the chirality [377].

The G mode of semiconducting nanotubes consists of two sharp components
Semiconductingof Lorentzian line shapes. Opposite to metallic nanotubes, the higher frequency

mode corresponds to the LO mode and the lower frequency component corres-
ponds to TO [93].

In double-walled carbon nanotubes, the G’ mode appears as a doublet struc- DWNTs
ture, but is often difficult to be resolved due to peak broadening [378]

The D mode at ~1350 rel. cm−1 is induced by disorder such as lattice defects. D mode
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Experimental: Raman spectroscopy – CRM200
A confocal Raman microscope CRM200 (WiTec Wissenschaftliche InstrumenteEquipment
und Technologie GmbH, Ulm) [212, 276, 379] was operated at an excitation laser
wavelength λ of 532.3 nm or 632.8 nm. A single-mode optical fibre support-
ing only a single transversal mode guides the laser light towards the sample.
The spectra were recorded in a backscattering geometry. An objective of 100×
magnification with a numerical aperture (NA) of 0.8 (or alternatively 0.9) and a
multi-mode fibre acting as a pinhole of 100 µm in diameter (or 50 µm optionally)
established confocal conditions. While the excitation is polarised, the reflec-
ted light is collected independent of polarisation. An edge filter attenuates the
elastic Rayleigh component and cuts off Raman peaks of shifts smaller than
~50 rel. cm−1 . The collected light is split at the grating (600, 1200 or 1800
grooves/mm) and is converted A 1024 pixel charge coupled spectrometer, cooled
to −54 °C and is converted into 16-bit data.

As the laser is focused to a spot size of ~400 nm in diameter, the power densityLaser-induced
Heating can be high. Laser power exceeding 2 mW at λ = 532.3 nm was found to shift the

phonon frequencies of nanotubes suspended between poly-Si supports [379, 380].

Optical microscopy, photoluminescence excitation and Rayleigh scattering
Suspended SWNTs can be located using an optical microscope if the nanotubesOptical

Microscopy are coated by metal [19], for instance by 30 nm Au [151].
The photoluminescence excitation technique (PLE) is typically applied to char-Photo-

luminescence acterise SWNTs dispersed in solutions. Intensity maps are constructed by record-
ing photoluminescence spectra for a range of excitation energies. Characteristic
PLE peaks can be used to identify the occurrence of specific chiralities in the en-
semble. PLE, also known as fluorescence spectroscopy, is limited to semiconduct-
ing nanotubes and only diameters smaller than ~2 nm can be detected [88, 289].

In contrast to Raman spectroscopy where matching the electronic resonanceRayleigh
Scattering is a prerequisite (a single wavelength can or cannot hit the resonance of a given

chirality), Rayleigh scattering [167, 348, 381] provides data for every chirality, as
the excitation is done by white light of a broad energy range. The electric polar-
izability is probed and the band structure represented as intensity versus energy
[382]. Bandgap changes upon strain were observed [167].

B.2.6 Scanning tunnelling microscopy (STM) and spectroscopy
Scanning tunnelling microscopy scans the sample surface by a sharp conductiveSTM
tip [383]. The tunnelling current between tip and surface is maintained constant
by adjusting the height position. From the height, topography is reconstructed,
line by line. Alternatively the height is kept constant and the current is taken as
value to be mapped.

The atomic structure of nanotube can be resolved by STM and and scanningSTS
tunnelling spectroscopy (STS) can extract the DOS [384, 385].

From the atomic resolution STM images, the chirality can be determined. For
characterising functional nanotube devices, the major drawback of STM is the
requirement of conductive sample surfaces. Electrical devices inherently require
isolating areas. By scanning parallel to the nanotube axis, atomic-resolution im-
ages on a 0.1-µm-short suspended nanotube segment were demonstrated [386].

B.2.7 Atomic force microscopy (AFM)
An atomic force microscope scans a sharp mechanical tip across the sample sur-Basic Principle
face. The tip is attached to a single-clamped cantilever which serves as force
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sensor. A closed loop control is usually adjusting the height position of the base
of the clamped cantilever to maintain the forces between sample and tip con-
stant. Recording the height information allows to deduce a topographical image.
The resolution in vertical direction can reach sub-Å. But the lateral resolution is
limited by the finite tip size (convolution of the sample topography with the tip
shape). Depending on the sharpness of the tip, the set-points of the control loop Artefacts
must be adjusted to enter the repulsive force regime. Otherwise the height meas-
urements can be strongly misleading. For large pressures, the extracted height of
nanotubes can be smaller due to radial deformation [346].

AFM imaging (MFP 3-D, Asylum Research; Dimension 3100, Veeco) was em- Equipment
ployed to measure catalyst particle heights in tapping mode in the repulsive re-
gime (phase <90°).

B.2.8 Electrical transport measurements
A computerised ’Semiconductor Characterization System’ from Keithley (Model Electrical
4200-SCS) was employed to measure the suspended nanotube transistors. The
software ’Keithley Interactive Test Environment’ (KITE) was running the DC
4200-SCS semiconductor parameter analyzer. Linear dual voltage sweeps from
0 V to the maximum voltage and back to 0 V in reverse direction were applied
having the integration time set to Normal unless mentioned differently. Gate,
source and drain currents and bias voltages were measured separately. The bond
pads of the devices fabricated by shadow masking (Section 3.2.3) were connec-
ted at a Karl Süss PM8 probestation using Au-coated tungsten needles. Devices
fabricated by transfer (Section 3.3.1) were interfaced by Al-wire bonds for the
connection to the Au bond pads of a ceramic package. The pins of the package
socket were soldered to a printed circuit board connected by Cu wires to BNC
plugs. Keithley 2400 SourceMeters were utilised at the Raman setup, TEM and
the micromanipulator. Four SourceMeters controlled by a LabVIEW™ interface
were used for electromechanical measurements. The pulsed gate measurement
setup of Helbling et al. [219, 298] was used for noise measurements.
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C Towards chirality control
during synthesis

This chapter debates about the quest of control over chirality for carbon nano-Chirality
tubes and for graphene nanoribbons. Spectroscopic characterisation of chirality-
pure graphene nanoribbons is presented and the precursor-based synthesis per-
formed by J. Cai et al. [105] achieving atomical precision is discussed. Parts of
this Chapter were published in Nature by J. Cai, R. Fasel, K. Müllen et al. [105].

C.1 State-of-the-art in chirality control for SWNTs
Chirality control is the ability to obtain the identical chirality for all SWNTs dur-Chirality

Control ing growth. Full control also includes the fabrication of a specific chirality (B.1.1).
As the electrical and the piezoresistive properties depend sensitively on the chiralMotivation
indices, defining the chirality of SWNTs for devices is a long sought goal.

C.1.1 Catalyst control
The size of the catalyst nanoparticle defines to a certain extent the diameter ofDiameter

Distribution SWNTs [77, 387].
The protein cage ferritin (see Section 3.2.3) can be used to deposit metallic cata-Ferritin

lyst nanoparticles [260, 387]. Partially loaded ferritin yielded a diameter distri-
bution of 1.5±0.4 nm [388]. L. Durrer achieved a narrow diameter distributionLarge d
of 1.9 nm±0.27 nm by sorting ferritin according to their mass-loading using sed-
imentation velocity centrifugation in a density gradient [77, 263]. The distribu-
tion is in the larger diameter range suitable for ohmic contacts (see B.1.4). It is in
general more challenging to obtain narrow distributions for larger diameters, as
the lower boundary for energetically stable diameters (~0.4 nm) is not efficiently
cutting-off the diameter distribution.

Ultimate diameter control is not only a subject of defining monodispersed cata-Substrate
lyst particle sizes. Even for identical nanoclusters, a nanotube diameter stand-
ard deviation of 0.18 nm around a mean diameter of 1.0 nm was observed on
SiO2 [389]. The particle-substrate interaction can influence the size and activity of
the catalyst, as by roughness, or by partial diffusion of Fe catalysts into SiO2 [390],
[77] p.88. Aggregation during the catalyst reduction and size-enhanced evapora-
tion can change the catalyst during the pre-treatment and the heating phase [88]
p.53.

Number of chiralities
Theoretically, for a diameter distribution, the expected number of obtained chiral-
ities does not only depend on the width of the distribution but also on the mean
diameter. In the diameter range from 0.4 nm to 1 nm 48 different chiralities exist.Diameter

Distribution Shifting the diameter range to larger values increased the possible number of dif-
ferent chiralities. In the range from 1 nm to 1.6 nm 83 chiralities exist. In Figure
C.1, the total numbers of possible chiralities up to a certain diameter are plotted.
The total number of chiralities χsum follows a 2nd order polynomial function and
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Figure C.1: Plot of the total number of possible chiralities counted up to a certain diameter.
Every twentieth count is highlighted by a circle. The ten chiralities below 0.4 nm are
not considered as they are assumed to be energetically unstable. The exactly counted
number of chiralities plotted in this Figure can be approximated by ≈ 51 nm−2 · d2.

can be approximated by χsum ≈ 51 nm−2 · d2, where d denotes the diameter in
[nm] up to which the chiralities are counted.

From 1.6 nm to 2.2 nm, already 118 distinct chiralities occur. Among these 118 Same d,
Different θchiralities, 18 doublets and one triplet occur where for the very same diameter

two, respectively three, chiralities with different chiral angles θ exist. Already for
a diameter as small as 0.5480 nm, two distinct chiral angles can occur: 21.8° and
0° for the chiral indices (5,3) and (7,0).

Even ideal diameter control cannot produce any arbitrary chirality with 100% Discussion
yield. To obtain a small number of chiralities at finite diameter distribution, small
mean diameters are reducing the possible number of chiralities. Moreover, for
small diameters, the deviation in diameter is naturally reduced as the distribu-
tion becomes asymmetric as nanotubes with d < 0.4 nm are not occurring. For
larger diameter nanotubes, being beneficial for ohmic contact formation, the nar-
row diameter distribution achieved by Durrer et al. [263] (1.9 nm± 0.27 nm) cor-
responds to an ensemble of 109 different chiralities within 1-σ standard deviation.

Chirality-selective growth
Chirality seems to be influenced during the nucleation phase [130, 391]. Growth Preferential

Growth
Plasma

conditions adjusted by plasma yielded preferentially semiconducting nanotubes
[392]. CVD growth using bimetallic CoPt catalysts, yielded narrow chirality dis-

Bimetaltribution according to Raman spectroscopy and PLE intensity ratio interpretation
[393]. SWNT growth rates were observed to increase with chiral angles [92]. Kin- Kinetics
etic control may be envisioned.

Despite progress in reducing diameter distribution and in chirality-preferred Discussion
growth, chirality control by direct growth is still not achieved yet.

Chirality separation
Motivated by the difficulty to obtain small numbers of chiralities during growth, Aim
nanotube separation techniques have been introduced to extract the nanotubes
of desired properties or even chirality [394].

Metallic nanotubes can be removed by large electrical currents, while the semi- Electrical
Breakdownconducting nanotubes are held in the OFF-state [395].
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Dielectrophoresis proved to deposit metallic nanotubes more efficiently than
Dielectrophoresis semiconducting nanotubes [169]. Commercially available raw material for nano-

tube suspensions often incorporates substantial amount of amorphous carbon.
As suggested by T. Helbling, B. Burg et al. dispersed SWNTs into solution directly
from the substrates by short ultrasonic pulses [82]. Burg et al. confirmed an en-
richment of metallic SWNTs when using higher frequencies for dielectrophoresis
[106]. Depleting the solution from metallic nanotubes as a pre-treatment might
allow subsequently for higher yield of semiconducting nanotubes.

Nanotubes dispersed in solution were separated by (iterative) density gradi-Chirality
Sorting

Centrifugation
ent ultracentrifugation [396]. Single surfactant multicolumn gel chromatography

Chromatography

allowed enrichment of some chiralities by overloading the gel with nanotubes.
The separation order is found to be similar to the C–C bond curvature. The de-
gree of bending of the C–C bonds seems to influence the interaction with the gel.
However, according to Kataura, it is very difficult to remove surfactants com-
pletely and separation works only for diameters up to 1.2 nm [397]. Moreover,
the length of separation-treated SWNTs is typically shorter than 1.5 µm .

Discrepancies between the ratio of semiconducting to metallic nanotubes were
Characterisation found between characterisation using optical absorption spectra and ED [356].

C.1.2 Chirality amplification by regrowth
Smalley et al. introduced the re-activated growth of nanotubes with the visionRegrowth
of amplification of a specific chirality [398]. A parental nanotube is cut and
equipped with a new catalyst particle. The subsequent growth is aimed to ex-
tend the nanotube while maintaining its chirality.

End-functionalizised nanotubes were coupled to catalyst precursors to by-Amplification
pass the nucleation phase, resulting in increased growth yield compared to non-
seeded catalysts [399].

Elongation of parental nanotubes was demonstrated even without the use ofElongating
Open Ends metal catalysts [400]. Nanotubes were cut by electron beam lithography and oxy-

gen plasma ion etching. After a pre-treatment in flowing Ar/H2 at 700 °C to
remove -COOH and -OH groups from the opened nanotube ends, the temperat-
ure was raised above 945 °C to induce noncatalytic decomposition of CH4. To
increase yield, C2H4 was added and a quartz substrate was used. In an open-end
growth mechanism, the nanotubes gained up to 4.6 um in length [400].

C.2 Opening ends of CNTs at defined lengths
Open-ended nanotubes are a prerequisite for chirality amplification for both ap-Open Ends
proaches, with new catalyst particles docked onto existing nanotubes [399] or by
catalyst-free regrowth [400].

Selective nucleation of atomic-layer-deposited Al2O3 (3.6) was applied as anCutting Mask
etching mask for cutting SWNTs by oxygen plasma. Figure C.2 shows the re-
moval of the uncoated nanotube section and the TEM images obtained after re-
moval of the etch mask by HF followed by supercritical point drying.

Nanotubes accessible by TEM can be cut which might be used for the studyConculsion
Outlook of regrowth. The length of the shortened nanotubes depends on the thickness

of the ALD layer. Control over the nanotube length is important for the use as
tip in scanning probe microscopy, as individual SWNT needs to be short enough
(~10nm) to provide sufficient bending stiffness.
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Figure C.2: Nanotubes cut by plasma ashing. The section supposed to remain after the
etching step is protected by Al2O3 applied by surface-selective atomic layer deposition.
(a) Illustration depicting a closed-capped SWNT protruding from a metal support, fol-
lowed by surface-selective nucleation of an etching mask by ALD, after cutting the
nanotube by oxygen plasma, and after removal of the etch mask by HF. (b) SEM im-
age of a (doubly-clamped) nanotube partially covered by ALD Al2O3 grown surface-
selectively on the metal (chipping). (c) SEM image after etching by oxygen plasma,
and (c’) same but with imaging settings reveiling material contrast. (d,e) TEM images
of shortened and opened nanotubes after removing the Al2O3 protection layer by HF
etching. The sample was dried by supercritical point drying. Close-up shows the
nanotube protruding from the metal coated section which served as ALD nucleation
site. The intensity profile was taken along the black line (80 pixel average).

C.3 Electrophoretically mediated ferritin adsorption
Local placement of the charged ferritin proteins on the opened ends of SWNTs Catalyst
was investigated by K. Truckses [401]. Similar to an approach of [402], we em-
ployed electrostatic forces to attract the dispersed ferritin onto a target area. Ad-
soption of ferritin (0.5 mM MES, pH 6-7) on SiO2/Si surfaces was induced by
backgate potentials, while at zero electrode potentials adsoption was suppressed.
Despite trials to adjust the Debye length, pH, potentials, and distance from the
counter electrode, localized adsorption of ferritin was not achieved [401]. In con-
trast to the work by Yoshii et al., where the charged areas had diameters of 32 nm,
the SWNTs acting as electrodes have an even smaller area. Moreover, the applic-
able electrode potentials in aqueous solution are limited by electrolysis of water.

C.4 Chirality control for graphene nanoribbons
To evade the difficulties faced in controlling the chirality of carbon nanotubes GNRs
with high precision, in large amounts and at unimpaired cleanliness and struc-
tural intactness, one may intend to switch from tubes to graphene nanoribbons.
GNRs are indeed very appealing carbon nanostructures as bandgaps can be in- Bandgap
duced by narrow ribbon widths, and hence nanoribbons overcome the lack of
an intrinsic bandgap in extended graphene sheets. While the two-dimensional
graphene [7] behaves semi-metallic, edge effects and quantum confinement [403]
in narrow nanoribbons are predicted to induce semiconducting behaviour. The
bandgap in edged graphene is predicted to depend on the width and on the crys-
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tallographic orientation, the chirality, of the GNR [404]. An interesting range of
band gaps of 1–3 eV is expected for ribbon widths of 2–1 nm [403].

Experimental evidence of the approximately inverse scaling of the energy gapFET
with respect to width was obtained for lithographically patterned graphene nan-
oribbons [17]. Field-effect transistor operation was demonstrated for sub-10 nm
narrow two-layer GNRs [190]. Structured by electron beam lithography, resist isEdge

Roughness covering a part of the graphene and the unprotected graphene parts are etched
to obtain ribbons. The nanometre-rough edges are considered to be the cause
why the expected transport dependence on crystallographic direction was not
observed yet [17]. Wang et al. [84] pointed out that defects in lithographically
fabricated ribbons dominate transport characteristics at low-temperature.

Defects can be of many different types, including vacancies, interstitials,Defects
heptagon-pentagon pairs (5-7) and pentagon-octagon-pentagon defects (5-8-5).

Synthesis of graphene nanoribbons
Graphene nanoribbons can be obtained from lithographically patternedEtching
graphene flakes obtained from mechanical exfoliation of graphite [7] or by chem-
ical vapour deposition, or from chemical and sonochemical methods.

An alternative approach to fabricate GNRs, is unzipping of carbon nanotubesUnzipping
CNTs along their axis. The intrinsic quantum-confined bandgaps and the high conduct-

ivities observed suggest that defect-induced deviations which are hardly control-
lable can be minimized by more well-defined fabrication techniques. However,
for the route via nanotubes, the chirality of the nanoribbon is still prescribed
by the chirality of the nanotube to be unzipped. In contrast, lithographically
etched GNRs can be cut at defined cutting directions with respect to the parental
graphene sheet. According to simulation, the crystallographic orientation of the
ribbon will not only influence the intrinsic electronic transport properties, it is
also predicted to govern the extent of influence of disorder, such as oxygen edge
adsorbates or structural protrusions [405].

In addition to edge-induced transport gaps, transport can be hindered by dis-Substrate
Disorder order potential fluctuations originating from charged impurities in the substrate

[406].
Suspending the ribbons [407] can reduce the substrate-induced disorder.

Armchair and zigzag ribbons1 are the only chiralities of GNRs with atomicallyGeometric
Steps smooth edges. Assuming perfect etching capabilities, even a minute deviation in

the cutting direction of 0.1° would result in a first atomic nook at the edge after
every 70 nm. Currently available lithographic patterning or unzipping are strug-Need
gling in controlling the shape of GNR with atomic precision. To in investigate the
intrinsic properties of GNRs and allow for production of chirality-pure material
of uniform width in large amounts alternative fabrication concepts are needed.
The task of controlling chirality in ribbons is indeed not tremendously simplified
compared to nanotubes.

In a bottom-up approach, GNRs were grown at facets of SiC [191].Width Control

A technique based on chemical crosslinking of precursor monomers wasChemical
Route demonstrated by Cai et al. to enable precise nanoribbons [105]. GNRs with well

controlled widths, various shapes and atomically precise edges were produced.

1 Armchair and zigzag is used controversially in literature. Here we denote with armchair and zig-
zag the edge orientation, rather than the ribbon cross-section.
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C.4.1 Characterisation of atomically precise graphene nanoribbons
In 2010, Jinming Cai et al. [105] presented in Nature1 graphene nanoribbons syn- Precise GNRs
thesised by surface-assisted coupling of precursor monomers. A schematic il-
lustration of the atomically precise bottom-up synthesis is given in Figure C.3a.
10,10’-dibromo-9,9’-bianthryl precursor monomers [408] are deposited onto an Polymer Chain
atomically-flat solid surface by thermal sublimation in an ultrahigh-vacuum
setup. Dehalogenation of the monomer precursors yields bi-radicals induced
by heating the substrate to 200 °C during monomer deposition. While diffus-
ing on the surface, the bi-radical monomers link at their free radical sites and
well-defined linear chains are formed. Upon heating to 400 °C, surface-assisted
cyclo-dehydrogenation establishes a fully aromatic systems: In addition to the
central C–C link at the former halogen site, the hydrogen atoms of benzene rings
of opposing anthracene units are expelled and C–C bonds are established. Thus,
a GNR of perfectly defined edge shape and with full hydrogen-termination is
formed. According to a specific chemical functionality pattern, the radical addi- Versatility
tion reaction can be employed to form a multitude of atomically precise ribbon
structures. , J. Cai et al. synthesised GNRs.

The linear polymer chain formed by intermolecular colligation through radical Non-planar
Chainaddition are given as STM image in Figure C.3b. The colour-coded height im-

age reveals that the single-bonded chain shows vertical protrusions that appear
alternately on both sides of the chain axis. The periodicity of 0.86 nm is in ex-
cellent agreement with the periodicity of the bianthryl core of 0.85 nm (6 · aC−C).
Steric hindrance between the hydrogen atoms of adjacent anthracene units ro-
tates the relatively stiff anthracene units around the single σ-bonds connecting
them. Thus, the opposite tilts of adjacent anthracene units result in the periodic
height changes. This deviation from planarity explains the large apparent height
of the single-linked chains of about 0.4 nm. Due to convolution with the finite
size of the scanning probe tip, the width of the polymer is recorded to be 1.5 nm,
which is much larger than expected from the structural model (1.0 nm). STM sim-
ulations, shown as an overlay in the right side of Figure C.3b, perfectly reproduce
the apparent height and width of the chain if accounting for the finite tip radius.

The fully aromatic system is obtained by annealing the sample in a second step Flat Ribbon
at 400 °C. Intramolecular cyclo-dehydrogenation of the polymer chain adds two
C–C bonds between the previously single-bonded anthracene units and hence
forms an N = 7 armchair ribbon. Flat ribbons are recorded in the STM image
shown in Figure C.3c-d. The apparent height is reduced to 0.18 nm. STM sim-
ulations, given as an overlay in Figure C.3d, are confirming that the reaction
products are atomically precise N = 7 GNRs with fully hydrogen-terminated arm-
chair edges.

Raman spectroscopy of atomically precise graphene nanoribbons
The Raman spectrum of a densely packed layer of N = 7 armchair GNRs grown on N = 7
a 200 nm thick Au(111) film on a mica substrate is shown in Figure C.4. The con-
focal Raman microscope CRM200 was operated at an excitation laser wavelength
of 532.3 nm. Raman spectra were recorded at 2 mW laser power using the 100X

1 „Ownership of copyright in original research articles remains with the Authors, and provided
that, when reproducing the contribution or extracts from it, the Authors acknowledge first
and reference publication in the Journal, the Authors retain the [...] non-exclusive rights [...]
to reproduce the contribution in whole or in part in any printed volume (book or thesis) of
which they are the author(s) [...] and to reuse figures or tables created by them.“ Available at
http://www.nature.com/reprints/permission-requests.html, October 5, 2011
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Figure C.3: Synthesis of straight GNRs from bianthryl monomers on Au(111). (a) Re-
action scheme from 10,10’-dibromo-9,9’-bianthryl precursor monomers to straight
N = 7 GNRs. (b) Scanning tunnelling microscopy (STM) image recorded after surface-
assisted C–C coupling at 200 °C but before final cyclo-dehydrogenation, showing a
non-planar polyanthrylene chain (left, temperature T = 5 K, tip voltage Ut = 1.9 V, tip
current It = 0.08 nA), and (right) DFT-based simulation of the STM image with par-
tially overlaid ball-and-stick model of the linear polymer. (c) Larger-scale STM im-
age after cyclo-dehydrogenation at 400 °C, showing straight and planar N = 7 GNRs
(300 K, −3 V, 0.03 nA; inset: 35 K, −1.5 V, 0.5 nA). (d) High-resolution STM image with
partly overlaid ball-and-stick model (bottom right) of the ribbon (5 K, −0.1 V, 0.2 nA).
At the bottom left, a DFT-based STM simulation of the N = 7 ribbon is shown. Images
were recorded/simulated by the Main-Authors, not by Muoth. Adapted from J. Cai
et al. [105], Nature 2010, and reprinted with Authors rights. © Macmillan Publishers
Limited, 2010.

objective of 0.8 NA and having the integration time set to 30 s. A well-developed
Raman signature was found to be evenly distributed over the sample (spot size
~400 nm). A D-peak appeared, as expected due to the finite width and low sym-
metry of the ribbons.

As a width-specific feature, the experimental spectrum exhibits a radial-RBLM

breathing-like mode (RBLM) [409] peak at 396±1 rel. cm−1 . The full mean half
width is ~25 rel. cm−1 .

Figure C.4c shows Raman spectra for the N = 7 GNRs, for a larger Raman shift
range and for two laser lines, at 532.3 nm as before and at 632.8 nm. The RBLM
peak at 396 rel. cm−1 was also detected using excitation at 632.8 nm, although at
smaller intensity. These spectra were recorded 2.5 years after the samples were
prepared, which indicates the stability of N = 7 GNRs in ambient conditions.

The position of the RBLM is in good agreement with the theoretical value ofComparison
with Theory 394 rel. cm−1 calculated by S. Blankenburg and A. P. Seitsonen [105]. The closest

alternatives would be N = 6 and N = 8 GNRs which have radial-breathing-like
mode frequencies about 50rel. cm−1 higher and lower, respectively. This implies
that the radial-breathing-like mode is indeed a sensitive probe of GNR width.

Vandescuren et al. calculated the peak position to be at 378 rel. cm−1 using
the second-generation reactive empirical bond order potential [409]. Using a
zonefolding approximation, Gillen et al. [410] calculated the radial-breathing-like
mode (1-TA) to occur at 430.2 rel. cm−1 for N = 7 armchair GNRs. Ab initio calcu-
lations predict 385.1 rel. cm−1 respectively.

The third transvers-acoustic overtone (3-TA) was calculated to occur at3-TA
about 940 rel. cm−1 and the longitudinal-optical fundamental mode (0-LO) at

178



C.4 Chirality control for graphene nanoribbons

Figure C.4: Raman spectrum of straight N = 7 GNRs recorded at an excitation wavelength
of 532.3 nm. The peak at 396 rel. cm−1 is characteristic for the 0.74 nm width of N = 7
ribbons. The inset shows the atomic displacements related to the radial-breathing-
like mode (RBLM) at 396 rel. cm−1 . Spectra were taken by Muoth, samples were not
fabricated by Muoth. Adapted from J. Cai et al. [105], Nature 2010, and reprinted with
Authors rights. © Macmillan Publishers Limited, 2010.

1600 rel. cm−1 [410], both in good agreement with the experimental spectra.
As the ribbons are ascertained by STM to be of N = 7 armchair type, the second- Discussion

order response approach can be verified to match best the experimental position
of the RBLM. The Raman investigations are in agreement with the STM images
and further attest to the uniform width of the ribbons. We demonstrated one
of the first Raman characterisations of high-quality GNRs. In early 2010, at the
IWEPNM in Kirchberg, it was debated whether at all the RBLM of Au-supported
GNR would be detectable. Thus, we contribute valuable insights not only the
confirmation of the molecular structure of the GNR, but also to fundamental
questions and experimental validation of theoretical predictions of few-Å-thin,
nanometre-wide and atomically precise graphene nanoribbons.

Chevron-type nanoribbons
Figure C.5 shows STM images of GNRs synthesised by Cai et al. using another
monomer precursor, 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene.

Figure C.5c shows the Raman spectrum of chevron-type GNRs. A peak Raman

with at least two components at 1270 rel. cm−1 and 1320 rel. cm−1 , and peaks at
1540 rel. cm−1 and 1600 rel. cm−1 were observed. An RBLM was not detected – Discussion
not at 532.3 nm neither at 632.8 nm. This could be due to the periodic changes in
width (N = 6 / N = 9) or due to excitation outside of the resonance window.

Orientation and length
The preferred growth direction of the GNRs is given by the herringbone recon- Orientation
struction of the Au(111) substrate. This substrate-controlled growth direction Length
seems to limit the ribbon length. The length histogram drops significantly above
30 nm, which corresponds to the typical length of the straight segments of the
herringbone reconstruction of the Au(111) sample used [105]. For nanostruc-
ture integration, the currently achieved length distribution imposes challenges
for electrode dimensions and limits the contact length, which was shown to be
relevant for nanotube contacts [149].

Interlinking of ribbons is enabled via junction monomers. Threefold symmet- Junction
monomers
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Figure C.5: Chevron-type N = 6 / N = 9 nanoribbons synthesised from tetraphenyl-
triphenylene monomers. (a) Chemical reaction scheme from 6,11-dibromo-1,2,3,4-
tetraphenyltriphenylene monomers to chains via C–C linking and dehalogenation to
fully-linked, periodically meandering GNRs. (b) STM image of chevron-type GNRs
fabricated on Au(111) (T = 35 K, Ut =−2 V, It = 0.02 nA). The inset shows a close-up
STM image (T = 77 K, Ut =−2 V, It = 0.5 nA) and a DFT simulation of the STM image,
partly overlaid by the molecular model of the GNR (carbon is printed in grey, hydro-
gen is white). (c) Raman spectra of chevron-type GNRs recorded 2.5 years after sample
preparation (532.3 nm, 0.1 mW, 30 s and 632.8 nm, 7.5 mW, 60 s, intensity compressed
by factor 5 and shifted for better visibility). Images were not recorded/simulated by
Muoth. Spectrum was taken by Muoth, samples were not fabricated by Muoth. Adap-
ted from J. Cai et al. [105], Nature 2010, and reprinted with Authors rights. © Macmil-
lan Publishers Limited, 2010.

rical GNR junctions can be formed [105]. Specifically designed heteromolecular
coupling holds promise for the growth of chemically doped GNRs and may en-
able regularly oriented nanoribbon arrays.

Towards electronic devices
The well-defined and clean substrates Au(111) or Ag(111) surfaces suitable forSubstrate
the bottom-up synthesis provide an ideal substrate for STM investigations of the
intrinsic properties of the GNRs. And as demonstrated, the substrates are suited
for Raman spectroscopy despite the intense background from the metal. But theElectronic

Integration major hurdle for device fabrication is the conductivity of the metallic substrates.
Electronic devices prohibit the use of a short-circuiting substrate. Alternative
substrate materials able to promote the chemical steps might be sought in the
direction of aluminium or copper, and their oxides, which were found to be in-
teresting for CMOS-compatible nanowire synthesis [411]. An alternative mightTransfer
be offered by the adaptation of transfer methods. For the publication of Cai
et al. [105], Muoth contributed preliminary results using a simple chip-to-chip
pressing method indicating that GNRs can be successfully transferred from gold
films onto an insulating SiO2 substrate. As a rudimentary demonstration of GNR
transfer onto substrates suitable for prototype device implementation, we have
performed first preliminary experiments on the transfer of GNRs from metal sub-
strates onto SiO2/Si samples. Figure C.6 shows the confocal Raman spectrum
of straight N = 7 armchair GNRs grown on an Au(111)/mica substrate and sub-
sequently transferred onto SiO2/Si by simple repeated mechanical pressing of
the two die against each other. Besides the silicon peak at 520 rel. cm−1 , the spec-
trum is virtually identical to the one of the original GNR/Au(111)/mica sample.
This demonstrates that the GNRs have been transferred from the Au(111) sur-
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Figure C.6: Preliminary results on transfer of GNRs onto an insulating substrate suit-
able for device integration. Raman spectra of N = 7 armchair GNRs grown on
Au(111)/mica (lower spectra) and subsequently transferred onto an oxidized silicon
wafer surface (spectra is upshifted in intensity for better visibility). Spectra were recor-
ded by Muoth. Adapted from [408], Nature 2010, and reprinted with Authors rights.
© Macmillan Publishers Limited, 2010.

face to the SiO2/Si wafer surface suitable for electronic device integration. How-
ever, the spatial distribution of occurrence of Raman signals from GNR became
sparsely. The drastically reduced background intensity at the spots of GNR sig-
nal after transfer is attributed to the absence of gold, which is a prerequisite for
integration of the semiconducting material.

The Raman signals obtained were large in intensity. Li et al. [412] (supplement- Comparison
ary information) measuring GNR of undefined widths resulting from sonication
by surface enhance Raman scattering at 785 nm, a rather weak but broad peak at
about 1590 rel. cm−1 was found. The absence of any RBM over large areas was
taken as confirmation of the absence of nanotubes, obviously no RBLM was de-
tected neither.

Conclusion and Outlook
The chemical route to synthesise GNRs achieves surpassing precision down to Precision
the single atom level. Linking precursor monomers into linear polyphenylenes
and subsequent cyclo-dehydrogenation allows designing the topology, width
and edge periphery of the nanoribbon products by choosing the structure of
the precursor monomers. Thus, possibly a wide range of different graphene
nanoribbons can be fabricated. The N = 7 armchair GNRs exhibit homogeneous
structural properties, as shown by STM and confirmed by Raman spectroscopy.
A shortcoming is the currently limited length which is possibly related to the Length
reduced diffusivity of larger assemblies. The major challenge is, that the sub- Synthesis

Surfacestrates allowing for dehalogenation and interlinking of the monomers are metals
– currently. Conducting substrates are unsuitable for fabrication of devices based
on electronic transduction. A transfer onto non-conductive surfaces (as demon- Outlook
strated in a primitive scheme), alternative surface materials, surfaces to be ox-
idised, or thin metal coatings to be etched in later steps might by viable con-
cepts to exploit these GNRs in electronic devices. The demonstrated use of junc-
tion monomers encourages the vision of well-ordered arrays of nanoribbons as
bottom-up assembled channel-material for top down patterned electrodes.
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D Symbols and abbreviations
List of Symbols

Symbol Unit Description

a nm Graphene lattice constant =
√

3 aC−C (≈0.246 nm)
aC−C nm Carbon-carbon bond length (≈0.142 nm)
α ° Primary tilt angle of the TEM sample holder
~a1, ~a2 nm Primitive vectors of the direct graphene lattice
β ° Secondary tilt angle of the TEM sample holder
~b1, ~b2 nm−1 Primitive vectors of the reciprocal lattice
c nm Interlayer distance
C1 rel. cm−1nm First parameter of the RBM–diameter relation

ωRBM = C1/d + C2

C2 rel. cm−1 Second parameter of the RBM–diameter relation
(environmental influence)

~Ch nm Chiral vector of a nanotube
Ch nm Circumference of a nanotube
χ eV Electron affinity of a nanotube
Cg F Gate capacitance
d nm Diameter of a nanotube
d1,2,3,4,5,6 nm−1 Layer line spacings: distances of layer lines

L1,2,3,4,5,6 from the equatorial line, d1≤d2≤d3 and
d4≤d5≤d6

D1,2,3,4,5,6 – Intrinsic layer line spacings, Di = di/δ

D(E) cm−1 Density of states, 1-dimensional
δ nm−1 Interval between intensity peak minima of the equat-

orial line
∆1,2 nm−1 Interval between the first two minima of a layer line

intensity profile
e C Electron charge (1.602·10−19 C)
E eV Energy
E GPa Young’s modulus
E0 eV Reference potential
EF eV Fermi energy
Eg eV Energy bandgap
ε – Strain
ε – Relative permittivity, dielectric constant
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ε0 F/m Vacuum permittivity, electric permittivity constant
(8.85418781...· 10−12 F/m)

εn, εm – Error of deduced experimental chiral indices due to
tilt-effect

F N Force
g m Mask-to-substrate gap
G Ω−1 Conductance
G0 Ω−1 Quantum conductance
γ0 eV Transfer integral, also: hopping integral, transfer

energy, nearest neighbour overlap energy (≈ 2.5 to
3.3 eV, here 2.7 eV)

γi eV Transfer integrals of the strained graphene lattice
ggcd - Greatest common divisor of 2m + n and 2n + m
h m Material source to stencil mask distance
h Js Planck’s constant (6.62·10−34 Js)
Ig A Gate leakage current
Ids A Source-drain current
It A Tip current setpoint in scanning tunnelling micro-

scopy
Jn(x) – Bessel function of order n. Corresponds to intensity

in diffraction pattern.
kB J/K Boltzmann constant, kB = 1.380649·10−23 J/K =

8.617332·10−5 eV/K
k N/m Stiffness
` m Undeformed length
`0 m Deformed length
`m f p nm Mean free path at high energies
λ nm Laser wavelength
L nm Channel length
m – Second chiral index
mexp – Experimentally deduced m
n – First chiral index
nexp – Experimentally deduced n
N – Number of hexagons per unit cell
NA – Numerical Aperture
ν – Poisson’s ratio
Φm eV Metal work function
φb0 eV Schottky barrier
p – Integer p = -1,0,1}, satisfying n − m = 3q + p with

integer q, used to predict metallicity and sign of
bandgap change upon strain

r m Distance of mask aperture from flux centre
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∆r m Lateral shift of deposited material
R Ω Resistance
Rb nm Bending radius
Rc Ω Contact resistance
s m Width of material source
S mV/dec Subthreshold swing, minimum change required in

Vg to induce one decade of change in Ids

T K or °C Temperature, in Kelvin unless labelled with Celsius
~T Translation vector
t m Stencil mask thickness
tg nm Gate oxide thickness
τ ° Inclination angle of nanotube axis with respect to in-

cident electron beam
θ ° Chiral angle
T – Transmission function of a quantum channel
u(Vact) nm Displacement of tip due to actuation voltage Vact

Vact V Actuation voltage
Vds V Source-drain voltage
Vg V Gate voltage
Ut V Tip voltage setpoint in scanning tunnelling micro-

scopy
Vth V Threshold voltage of a transistor
Vth,forward V Threshold voltage for increasing Vg

Vth,backward V Threshold voltage for decreasing Vg

ωRBM rel. cm−1 Phonon frequency of the radial breathing mode
∆w m Blurring extension of deposited material
w m Size of mask aperture
x m−1 Coordinate along a layer line of a diffraction pattern
X1 m−1 First peak position of Bessel function (layer line in-

tensity profile)
X2 m−1 Second peak position of Bessel function
X5 m−1 Fifth peak position of Bessel function
ξ – Torsional strain
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Abbreviations

Symbol Description

ALD Atomic layer deposition
CNFET Carbon nanotube field-effect transistor
CNT Carbon nanotube
CCVD Catalysed chemical vapour deposition
CVD Chemical vapour deposition
CMOS Complementary metal oxide semiconductor
D Drain electrode
DFT Density function theory
DIC Differential interference contrast
DOS Density of states
DWNT Double-walled carbon nanotube
e-beam Electron beam
EBID Electron-beam induced deposition
EBL Electron beam lithography
ED Electron diffraction
EDX Energy-dispersive X-ray spectroscopy, or EDAX, EDS
EELS Electron energy loss spectroscopy
ESD Electrostatic discharge
FEM Finite element method
FFT Fast Fourier transform
FIB Focused ion beam
G Gate electrode
GF Gauge factor
GNR Graphene nanoribbon
HF Hydrofluoric acid
ICP Inductively coupled plasma
ITO Indium tin oxide
KOH Potassium hydroxide
L1 Layer line closest to equatorial line
L2 Middle layer line of (0-110)
L3 Topmost layer line of (0-110)
L4,5,6 Closest, middle and topmost layer lines of (0-210)
LO Longitudinal-optical mode
MBE Molecular beam epitaxy
MEMS Microelectromechanical systems
MIBK Methyl isobutyl ketone
MOSFET Metal-oxide-semiconductor field-effect transistor
MWNT Multi-walled carbon nanotube
MIGS Metal-induced gap states

185



D Symbols and abbreviations

Symbol Description

NEMS Nanoelectromechanical systems
NNTB Nearest-neighbour tight binding
PCB Printed circuit board
Pd Palladium
PLD Pulsed laser deposition
PDMS Poly(dimethylsiloxane)
PLE Photoluminescence excitation
PMMA Poly(methyl methacrylate)
P(MMA/MAA) Copolymer methylmethacrylate/methylacrylic acid
PolyMUMPs Poly-Si Multi-User MEMS Processes; MUMPs® are

commercial wafer-scale multi-project services from
MEMSCAP

poly-Si Polycrystalline silicon
Poly0 Lowest Poly-Si layer of PolyMUMPs (0.5 µm thick)
Poly1 Middle Poly-Si layer of PolyMUMPs (1.5 µm thick)
Poly2 Upper Poly-Si layer of PolyMUMPs (2 µm thick)
PVD Physical vapour deposition
RBM Radial breathing mode
RIE Reactive ion etching
ROI Region of interest
S Source electrode
SE Secondary electrons
SEM Scanning electron microscopy
SGS Small bandgap semiconducting
SNR Signal-to-noise ratio
STEM Scanning transmission electron microscopy
STM Scanning tunnelling microscopy
SWNT Single-walled carbon nanotube
TA Transvers-acoustic mode
TE Bright-field phase contrast imaging mode
TEM Transmission electron microscopy
VHS van Hove singularity
ZC Dark-field Z-contrast imaging mode (intensity propor-

tional to Z2, with atomic number Z)
#ed1 Device No., electron diffraction only
#s1 Device No., CNFET fabricated by shadow masking
#t1 Device No., CNFET fabricated by transfer
#m1 Device No., mechanical loading only
#[t1]s Device No., additional clamping by shadow masking
#[..1]a Device No., additional encapsulation by ALD Al2O3

#[..1..]m Device No., electromechanical measurements
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