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Abstract

Because of their excellent electrical properties, carbon nanotubes are suggested as future
replacements of silicon channels in transistors for nano-electronics. Conventional ’top-
down’ patterning and metallization techniques (such as electron beam lithography followed
by evaporation) are typically used to contact the carbon nanotubes. These techniques may
not be suitable to reach the desired quality, since several potentially harmful processing
steps are required, such as the application of a resist layer and the lift-off step.

In this work, carbon nanotube field-effect transistors (CNTFETs) were fabricated by
direct-write atomic layer deposition. In the direct-write ALD technique, the patterning
capability of electron beam induced deposition (EBID) is combined with the material
quality and thickness control of atomic layer deposition (ALD), thus creating a ’bottom-
up’ direct local deposition method that combines patterning and metallization. EBID is
a direct-write local deposition technique that relies on the decomposition of a precursor
gas by a focused electron beam, whereas ALD is a thin film deposition technique that uses
sequential self-limiting surface reactions. First, thin seed layers (< 0.5 nm) are deposited
by EBID in the desired pattern, after which a selective ALD process builds the seed layers
into pure metal contacts.

The direct-write ALD process of platinum was investigated and optimized. First, an
attempt was made to reduce the required electron dose during EBID. The merits of a lower
electron dose are a higher throughput and reduced damaging of the carbon nanotubes
during EBID. The EBID seed layer material is known to consist of only about 15 at.% Pt
with the remainder mainly carbon impurities. It was found that an O2 treatment of the
samples after the EBID and before the ALD step was able to reduce the required electron
dose during EBID from almost 103 C/m2 to about 11 C/m2, comparable to typical doses in
EBL. This was attributed to purification of the seed layers, uncovering the Pt and allowing
thinner seed layers to induce ALD growth.

Next, the EBID process parameters and pattern definitions were optimized to enable
the direct deposition of contact patterns suitable for CNTFET fabrication. Due to the
influence of backscattered and secondary electrons during EBID, the patterns broaden
laterally beyond the intended contact dimensions. This effect was alleviated by reducing
the acceleration voltage of the electrons from 30 kV to 2 kV (which reduces the range of
secondary electrons) and by patterning the contacts as zero-width lines, instead of finite
width rectangular patterns. After optimizations, contacts were deposited with contact
lengths around 200 nm and channel lengths below 500 nm.

A functioning CNTFET was fabricated by direct-write ALD of Pt and electrically char-
acterized in a probe station. The device displays excellent p-type transfer characteristics,
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with a subthreshold swing down to 105 mV/dec and an on/off current ratio close to 106.
A relatively high resistance of (5.2± 0.2) MΩ was measured and is likely caused by defects
in the carbon nanotube and/or non-ohmic contacts. Since the use of palladium as contact
metal may result in better wetting interaction between the metal and the nanotube, some
preliminary results on the direct-write ALD process of Pd are presented. Pd ALD growth
was obtained on very thin Pt EBID seed layers.
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Chapter 1

Introduction

Since its invention in 1958, the number of transistors on an integrated circuit (IC) has
doubled approximately every two years, as predicted by Gordon E. Moore’s famous law
[1], see Figure 1.1(a). This rapid technological development is made possible by continuous
down-scaling of electronic devices, most commonly silicon based field-effect transistors.
Due to this down-scaling, transistors have become nano-electronic devices that push the
limits of both production and the materials involved.

Even though Moore’s law is merely a rule of thumb and originally a simple observation,
it has now become a goal for industry to follow the trend. The advantage of smaller
devices is clear, i.e. an increase in speed together with a decrease in production cost and
power consumption, which drives the search for better materials and production techniques.
However, further down-scaling of existing technologies based on silicon will eventually
come to an end, due to the limitations of the materials involved and the lack of production
techniques on even smaller scales. In order to keep up with Moore’s law, novel architectures,
materials and processing techniques will be required.

While the down-scaling of existing architectures has dominated the microprocessor
market for the past decades, Intel has now started moving towards new architectures for
its microprocessors, as shown in Figure 1.1(b). The Tri-Gate or FinFET architecture [2]
is an effort to further increase performance and decrease power consumption, by building
the gate around the channel in a three-dimensional structure. This indicates that the limit
of existing architectures has already been reached and it is only a matter of time until it
is also required to move to new materials.
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(a)

(b)

Figure 1.1 – (a) The number of transistors in integrated circuits doubles approximately every two
years, as predicted by Moore. (b) Overview of Intel’s latest transistor designs, showing the transition
to the new Tri-Gate / FinFET architecture [2].



CHAPTER 1. INTRODUCTION 5

Frame I: Field-effect transistors

A transistor is the fundamental building block of microprocessors in electronic devices.
In its basic form, a transistor is used to switch or amplify electronic signals. The most
common type of transistor today is the metal-oxide semiconductor field-effect transistor
(MOSFET). In a MOSFET, a semiconductor channel (typically silicon) is connected to a
source (S) and a drain (D) contact. A third electrode called the gate (G) is electrically
insulated from the rest via a thin gate insulator (for example silicon dioxide). A schematic
of a MOSFET device is shown in Figure 1.2.
By applying a voltage between the source and drain contacts, charge carriers (electrons
or holes) are injected into the semiconductor channel, where they encounter an energy
barrier. An electric field, originating from a voltage between the gate and source, is able to
raise or lower this barrier, thereby changing the conductance of the channel. In short, the
MOSFET is able to control a current through the channel by the application of a voltage
to the gate contact. For more information about transistors, see Section 2.4.

G
S D

Substrate

Gate insulator

Channel

Figure 1.2 – Schematic representation of a MOSFET device. The source (S) and drain (D) contacts
inject electrons or holes into the channel. The conductivity of the channel is modulated by a voltage
on the gate (G) contact.
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As an alternative to the conventional silicon-based MOSFET, it has been suggested to
replace the silicon channel by a carbon nanotube (CNT). A CNT is a small tube of hexag-
onally arranged carbon, typically around 1 nm in diameter and possibly up to hundreds of
µm in length. Carbon nanotubes have excellent electronic, thermal and mechanical prop-
erties which make them potentially suitable for applications in various fields. In order to
make use of their electronic properties, the CNTs can be contacted by metal contacts. Con-
ventionally photolithography and electron beam lithography are employed for this purpose.
However, these techniques will eventually reach their limits and new processing techniques
must be developed.

An essential step in the manufacturing of future devices is the deposition of thin films.
Especially when device dimensions shrink, such films must be ultrathin (1-100 nm), pinhole-
free and highly conformal1. A technique capable of overcoming these challenges is atomic
layer deposition (ALD), where sequential self-limiting surface reactions are employed to
build a thin film with ultimate thickness control. ALD is already being used by Intel to
deposit high-k dielectric layers [3], and is being considered for the deposition of metal gates
in the new FinFET transistors [4].

Besides the deposition of thin films, lateral structuring of materials on the nanoscale
is another essential aspect of device manufacturing. The dominant method currently is
photolithography, where ultraviolet light is used to pattern a resist film after which etching
or deposition is performed selectively in the exposed regions. While structures on the
order of tens of nanometers can be produced, photolithography will eventually reach the
diffraction limit.

Electron beam lithography (EBL) is an alternative to photolithography which uses
electrons instead of UV light to pattern the resist. This enables the fabrication of sub-10
nanometer features [5], but at the same time severely limits the throughput because every
feature has to be patterned by the electron beam individually. The resist used by pho-
tolithography and EBL also poses potential problems especially for the fabrication of de-
vices based on sensitive materials such as CNTs and graphene. For example, resist residue
is very difficult to completely remove from the CNTs and degrades device performance.

Electron beam induced deposition (EBID) is another promising patterning technique
where a precursor gas is locally decomposed by an electron beam to form a deposit. While
resolution but also throughput are comparable to EBL, the major advantage of EBID
is that it is a single-step direct deposition technique that does not rely on resist-based
methods. As such, it is a potential candidate for contacting carbon nanotubes. However,
material quality is often poor due to incomplete precursor decomposition and thickness
control is limited.

1A conformal film is equally thick on the top, bottom and sides of 3-dimensional topologies such as
trenches.
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By combining EBID and ALD, a novel direct local deposition method has been de-
veloped [6]. This method is able to combine the high resolution, direct patterning by
EBID with the material quality and thickness control of ALD. It is capable of fabricating
high-purity platinum and potentially palladium nanoscale structures.

This thesis describes the fabrication of nanoscale platinum and palladium contacts to
carbon nanotubes in order to form carbon nanotube field-effect transistors. The contacts
are deposited using the combination of EBID and ALD (referred to as direct-write ALD)
to prevent resist issues as well as improving the contact between the metal and the CNT.

The principles behind carbon nanotubes, lithography, EBID and ALD will first be
introduced in Sections 1.1 to 1.4, after which the EBID-ALD combination will be explained
in Section 1.5. Finally the goal of the project and outline of the thesis are explained in
Section 1.6.

1.1 Carbon nanotube field-effect transistors

As an alternative to the conventional silicon-based MOSFET, it has been suggested to
replace the silicon channel by a carbon nanotube (CNT). Their electronic properties are
especially promising for nano-electronic devices. Depending on their exact atomic struc-
ture, CNTs can either behave as a metallic conductor or as a semiconductor. The metallic
CNTs might be suitable for the replacement of metal interconnects, while semiconducting
CNTs can be used as the channel in a field-effect transistor, as depicted in Figure 1.3.
Metal contacts are patterned over the CNT (or alternatively the CNT is positioned over
existing contacts) which serve as the source and drain of the transistor.

This seemingly simple replacement of the silicon channel by a CNT has a large influence
on the physics of the device [7]. The strong coupling of the gate with the CNT (due to its
small diameter) enables the CNT FET to shrink in size without the gate losing control of
the channel (so called ’short-channel effects’). Furthermore, even at room temperature their
electronic properties (most notably the mobility and capacitance) are excellent, whereas
for traditional materials these properties degrade at room temperature.

For more information on carbon nanotubes and their properties, see Section 2.1.

1.2 Photo- and electron beam lithography

Conventionally, photolithography and electron beam lithography (EBL) are employed for
the fabrication of features and patterns on a substrate. In photolithography, a photoresist
film is applied on top of the substrate. Using a mask, the resist is selectively exposed
to light, after which it is developed using a developer solution. The light modifies the
solubility of the resist in the developer solution. For positive resists, the exposure leads to
bond breaking after which the exposed regions are soluble, while the unexposed regions are
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CNT

Figure 1.3 – Schematic representation (cross-sectional side-view) of a carbon nanotube FET device.
The channel (previously silicon) is replaced by a semiconducting carbon nanotube, placed horizontally
on an insulating substrate. The source and drain contacts are patterned over the CNT. The gate
contact, isolated from the CNT by a gate insulator, is positioned over the CNT in a top-gate configu-
ration. Alternatively, a back-gate configuration with the gate on the bottom (typically the substrate
serves as the gate in this case) can be used.

not. For negative resists, the exposure typically forms bonds or cross-links in a polymer
material which makes the resist locally less soluble. The difference between positive and
negative resists is illustrated in Figure 1.4. In each case, by developing the resist regions
that dissolve form a pattern which can be transferred to the substrate via etching, or
in which materials (such as a metal) can be deposited. After etching or deposition, the
remaining resist (including excess deposited material) is removed during a ’lift-off’ step,
typically via wet etching.

(a) (b) (c)

Resist
Substrate

Positive Negative

Figure 1.4 – Schematic illustration of the different behavior of positive and negative resist. (a) A
region of the resist (in darker blue) is exposed to light which changes its solubility in the developer so-
lution. (b) For positive resists, the exposed region becomes more soluble and is removed by developing.
(c) For negative resists, the exposed region becomes less soluble and remains after developing.

The size of patterns in photolithography is limited by the wavelength of the light due
to the Abbe diffraction limit [8], which says that the spot size dmin of light with wavelength
λ travelling in a medium with refractive index n and converging to a spot with angle α is
given by:
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dmin =
λ

2n sin θ

Thus, to create small patterns, the wavelength must be small, hence UV or even extreme
UV light is used. To beat the diffraction limit more easily, electron beam lithography (EBL)
is used. EBL uses electrons which have a much smaller wavelengths than light. The resist
in this case is sensitive to electron exposure rather than light. A further advantage of
EBL is that the electron beam can be focused to a nanometer-sized spot, which enables
it to pattern the resist without the need for a mask. A schematic representation of the
deposition of metal structures using EBL is shown in Figure 1.5.

(a) (b) (c) (d)

e-beam
Resist
Metal
Substrate

Figure 1.5 – Schematic representation (cross-sectional side view) of electron beam lithography for
the deposition of metal structures. (a) An electron beam is used to define a pattern in a resist layer.
(b) After developing the resist, the exposed regions are dissolved. (c) A metal is deposited inside the
dissolved regions as well as on the resist, for example via sputtering. (d) Lift-off: the remaining resist
and excess metal is removed.

1.2.1 Problems with lithography

EBL is a typical choice for the patterning of metal contacts on carbon nanotubes [9]. The
pattern is patterned into the resist, after which a metal is deposited into the developed
regions, typically via sputtering or evaporation. The remaining resist (and the metal on
top) then needs to be removed in a lift-off process. Poly(methyl methacrylate) (PMMA)
is a common resist in EBL, and the lift-off is typically achieved via chemical processing.

The use of lithography to contact CNTs (or other materials such as graphene flakes)
poses potential problems:

1. Since typical polymer resists such as PMMA interact strongly with the CNTs or
graphene, it is difficult to fully remove the resist from their surface. Typically a few
nanometers of resist remains behind. PMMA can chemically bond at CNT / graphene
defects which degrades the properties of the material and ultimately results in limited
device performance [10, 11]. While annealing is shown to help, it is unlikely that the
residue can be removed completely [10].
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2. Since the CNTs are not chemically bound to the substrate, delamination may occur
during lift-off where a CNT or graphene flake is peeled off the substrate [12].

3. During lift-off, the metal contacts themselves can also delaminate in case of bad
adhesion to the substrate. This is typically prevented by depositing a thin Ti adhesion
layer underneath the contacts [13, 14]. However, this layer influences the electrical
properties of the contacts [15, 16, 17] so it is not desirable.

4. To fully break down the resist, the electron beam dose must often be relatively high,
which could potentially damage the CNT during patterning. Furthermore, a high
dose decreases the throughput because patterning takes more time.

1.3 Atomic layer deposition

Atomic layer deposition (ALD) is a thin-film deposition technique with the capability to
deposit conformal and pin-hole free films of high quality material. Various types of films
can be deposited including metals, metal-oxides, metal-nitrides and metal-fluorides. ALD
utilizes cycles of self-limiting surface reactions. A cycle typically consists of two half-cycles,
each in turn consisting of exposure of the surface to a precursor or reactant gas as well as
a pump and/or purge step, see Figure 1.6.

Figure 1.6 – Schematic representation of one ALD cycle. In the first half-cycle, precursor molecules
adsorb onto the substrate. In the second half-cycle, the precursor ligands are removed by a reactant
gas and (in this case) a second element is deposited.

In the first half-cycle the surface is exposed to a (typically metal-organic) precursor
gas, containing the element of the desired material. The precursor molecules react with
surface groups and adsorb in a self-limiting way, where at most one monolayer of material
can adsorb. Due to the (organic) ligands of the adsorbed molecules, further adsorption
is prevented. The reaction with the surface groups produces reaction products which are
evacuated from the reactor by a short pump and purge step.
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After pumping, the second half cycle exposes the surface to a reactant gas which is
able to react with the adsorbed precursor molecules. The ligands are removed as reaction
products and the desired element remains on the surface as a sub-monolayer of deposited
material. Additionally, in some cases (such as metal-oxide or metal-nitride ALD) a second
element is incorporated into the material. A second pump and purge step finally removes
any volatile reaction products. By removing the ligands the surface is also prepared for a
new layer of precursor adsorption; i.e. a new ALD cycle can take place.

Instead of a reactant gas in the second half-cycle, a plasma can also be employed to
provide the reactive species for ligand removal. Radicals in the plasma are typically more
reactive than regular gas species and the reactions are less dependent on thermal energy,
which allows for deposition at lower substrate temperatures. An ALD process that uses a
plasma is typically called a plasma-assisted ALD process, while processes with a regular
reactant gas are called thermal processes.

Due to the self-limiting nature of the reactions, the thickness increase in each cycle
(growth per cycle or GPC) is constant (typically less then a monolayer), which allows for
ultimate thickness control of the deposited films. Furthermore, the growth per cycle is
independent of the precursor / reactant gas flux (as long as both are long enough for the
surface reactions to saturate), which makes the deposition conformal in very high aspect
ratio structures such as deep trenches.

1.3.1 Nucleation

While ALD can deposit films layer by layer during film growth, the nucleation of such
films in the first few cycles is often different and does not necessarily involve layer by
layer growth. Especially the deposition of metal films on oxide substrates is difficult due
to bad wetting of metals on oxides. Metal films typically nucleate in small islands which
only coalesce into a closed film after many tens of cycles [18]. Furthermore, the reaction
mechanism is often very different on an oxide substrate compared to deposition on an as-
deposited metal film. A distinction must therefore be made between ALD on an (oxide)
substrate and ALD on the as-deposited film in the later stages of the deposition.

1.3.2 Area-selective ALD

While ALD achieves atomic level control over the deposition thickness, a clear disadvantage
is that there is no control over the lateral growth dimensions. As such, ALD is mainly used
for thin film growth and is not easily adapted for pattern deposition. To achieve lateral
control, a process that deposits material selectively on some parts of the substrate (but
not on others) is required. Such an area-selective ALD process would enable the direct
deposition of pre-defined patterns. Since the ALD growth is very sensitive to the surface
chemistry, area-selective ALD can be achieved by altering the surface locally in order to
inhibit (or stimulate) ALD nucleation.
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Various methods for area-selective ALD exist, mostly based on masking the substrate
in some way such that growth only occurs on the non-masked regions. For example, self-
assembled monolayers (SAMs) and polymer films such as PMMA have been used [19, 20].
With these methods however, the process consists of many different, potentially problem-
atic steps such as applying the mask material, defining the desired pattern, developing the
resist and finally removing the mask after deposition, see Section 1.2.1.

1.4 Electron beam induced deposition

Electron beam induced deposition (EBID) is a bottom-up, direct-write deposition technique
that makes use of a focused electron beam. EBID is part of a group of focused particle
beam induced processing techniques including ion beam induced deposition (IBID) and
electron beam induced etching (EBIE).

In EBID, a precursor gas is locally dosed to the substrate, where it adsorbs to the sur-
face. A focused electron beam locally dissociates the precursor molecules into volatile and
non-volatile products. While the volatile species are pumped away, the non-volatile species
form a deposit. The electron beam can be scanned over the surface in a predefined pattern
in order to deposit 2-dimensional structures, or can even form 3-dimensional structures by
irradiating a small spot for a prolonged time.

EBID is a direct-write deposition technique that does not require resist films, which
limits the number of processing steps compared to photolithography and EBL. Further-
more, since the electron beam can be focused into a spot size in the range of 100 nm down
to a sub-nanometer scale, EBID allows deposition of structures in the micrometer scale
but is even capable of sub-10 nm deposits [21].

EBID is typically performed inside a scanning electron microscope (SEM), where the
precursor is dosed using a thin injection needle close to the substrate. Figure 1.7 shows a
schematic representation of the process.

1.4.1 Beam-sample interaction and deposit dimensions

In EBID, the electrons in the electron beam (called primary electrons, PE) interact with
the sample by elastic scattering which changes their trajectory. Due to electron-electron
interactions, so called forward scattered electrons deflect over a small angle in the substrate,
effectively widening the beam in the substrate. The PEs can also collide in-elastically with
electrons in the solid, where they transfer part of their energy to create secondary electrons
(SE). Finally, primary electrons can also reflect back in which case they are called back-
scattered electrons (BSE).

Besides the primary electrons, the secondary and back-scattered electrons can also
dissociate precursor molecules and therefore also contribute to the deposition [22, 23]. In
fact, evidence has been reported that the precursor dissociation process is primarily driven
by low energy secondary electrons instead of the much higher energy primary electrons
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Figure 1.7 – Schematic representation of EBID. The precursor gas is dosed close to the substrate,
where an electron beam decomposes the adsorbed molecules into a deposit and volatile reaction prod-
ucts.

[24, 25]. Due to these scattering effects, electrons can emerge from anywhere inside a
certain interaction volume in the substrate, which is typically much larger than the actual
spot size of the electron beam. The shape and size of this interaction volume depends on
the initial energy of the primary electrons as well as the substrate material. This extended
size of the interaction volume often limits the resolution achievable by EBID.

Furthermore, once a deposit has formed it also becomes a source of secondary electrons
which can cause lateral broadening and further deposition around the intended area [22].
Also, if structures are to be deposited in close proximity, secondary electrons emerging
from the first structure can interfere with the deposition of the next structure and cause
it to grow larger than intended. This so called proximity effect is an important factor to
keep in mind when small structures are to be deposited in close proximity.

Figure 1.8(a) shows a schematic representation of the interaction of the electron beam
with a substrate. Figure 1.8(b) shows a Monte Carlo simulation [26] displaying the resulting
electron trajectories of of a 5 kV electron beam penetrating a silicon sustrate with a toplayer
of 10 nm SiO2.

1.4.2 Material quality

Because the deposition is caused by incomplete electron impact dissociation and not so
much by chemical reactions, the deposit usually contains undesired elements (present in the
precursor) and the material quality is very poor. Especially for metal-organic precursors,
which are most common, the deposition consists typically of a carbon matrix containing
metal grains [27]. Besides the organic precursor fragments, hydrocarbons in the vacuum
residual gas are another source of carbon impurities. Typical EBID material purities are
8-9 at.% for gold from Me2Au(acac), 60 at.% for Fe from Fe2(CO)9 and 16 at.% for Pt
from MeCpPtMe3 [28].
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Figure 1.8 – (a) Schematic representation of the interaction of an electron beam with a deposited
structure. The primary electrons (PE) enter the substrate and scatter into back-scattered electrons
(BSE) and forward scattered electrons (FSE). Secondary electrons (SE) are generated all throughout
the interaction volume and also contribute to deposition when they leave the substrate. (b) Monte
Carlo simulation [26] of a 5 kV electron beam penetrating a silicon sustrate with a toplayer of 10 nm
SiO2, indicating PE and FSE trajectories by blue lines and BSE trajectories by red lines.

Several techniques have been employed to improve the material quality of EBID deposits
[27]. Mainly the use of higher temperatures (either during or after EBID), better vacuum
quality and purifying gasses (such as oxygen) are employed to reduce especially carbon
impurities. With these techniques, purities in the range of 30-80 at.% have been obtained
for several materials. To further reduce carbon impurities, the use of inorganic, carbon-
free precursors has been considered. However, it turns out that oxygen becomes the main
contaminant in the absence of carbon (likely from water in the background gas), and Cl
and F (two typical elements in these precursors) can even lead to etching effects [25].

While most of these techniques are more or less effective, they still do not yield pure
materials. In the next section, a technique is introduced that is able to produce virtually
pure materials with EBID as the starting point.

1.5 Direct-write ALD: combinatorial EBID-ALD

Electron-beam induced deposition (EBID) and atomic layer deposition (ALD) can be com-
bined into a local direct-write deposition method [6]. This combinatorial EBID-ALD pro-
cess relies on the sensitivity of the ALD growth to the substrate material, as described in
section 1.3.1.

The direct-write ALD process consists of two processing steps. First, a thin seed layer is
deposited by EBID. This seed layer defines the lateral dimensions of the pattern that is to
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be finally created. As is typical for EBID, the seed layer consists of a poor quality material
in terms of purity. The second step is an ALD building step that is tuned such that growth
can only nucleate on the seed layer, but not on the surrounding substrate. See Figure 1.9
for a schematic representation of the process. This approach is able to eliminate several
problems of the separate EBID and ALD processes, while combining their advantages.

(a) (b)Step I:
Charged particle 
beam patterning

Step II:
Area-selective

atomic layer deposition

Half-reaction A

Half-reaction B

Figure 1.9 – Schematic representation of the direct-write ALD process. (a) A seed layer is deposited
by EBID, after which an area-selective ALD process (b) builds on the seed layer by depositing only
on the seed layer but not on the substrate.

If the seed layer is very thin, the bulk of the deposited structure is deposited by ALD.
As such, the final material quality is expected to be close to ALD material quality. In
addition, depending on the process, the reactant gas exposure in the ALD step can purify
the seed layer such that the final deposit has virtually no impurities left over from the
EBID process. Therefore, in case the ALD process yields pure films, the combinatorial
EBID-ALD process solves the problem of poor material quality.

Furthermore, EBID provides accurate control over the lateral dimension of a structure,
but has no real control over the thickness. In contrast, ALD provides ultimate thickness
control but (by default) no control over the lateral dimensions. The combination between
the two is therefore a logical solution to obtain control over both dimensions. By limiting
the ALD growth to the EBID seed layer, the lateral dimensions are controlled by EBID
while the thickness is controlled by ALD.

A final benefit is an increase in throughput. Since only a very thin seed layer is deposited
by EBID, patterns are essentially two-dimensional and only a very low dose of electron
irradiation is required to deposit the seed layer. In the following ALD step, material can
be deposited on a large number of patterned seed layers in parallel, greatly increasing
throughput compared to building all structures with EBID only.

The direct-write EBID-ALD process of platinum is taken as an example. Both the
EBID and ALD processes can deposit Pt using a common precursor: MeCpPtMe3 (methyl-
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cyclopentadienyl(trimethyl)platinum). For experimental details about these processes see
Chapter 3. The reaction mechanism of the Pt ALD process is described in Frame II.

As a proof of principle, in a previous work square 5×5 µm seed layers of various thick-
nesses have been deposited by EBID, after which 500 cycles of ALD were employed to
selectively build the seed layers [6]. As can be seen in Figure 1.10, selective ALD growth
without nucleation delay was achieved on all but the thinnest seed layers, indicating that
Pt ALD can nucleate selectively on EBID seed layers of sufficient thickness. This will be
discussed in more detail in Section 4.1. The minimum electron dose during EBID for the
seed layers to become sufficiently thick was in the relatively high range of 0.5 - 1 nC/µm2.

(a) (b)

Figure 1.10 – SEM images of (a) a matrix of 5×5 µm seed layers after EBID and (b) a similar sample
on which 500 ALD cycles are performed.

Using four-point probe measurements, the resistivity of ALD and EBID deposited Pt
was measured. The material purity was determined using X-ray photoelectron spectroscopy
(XPS). The results are compared to bulk Pt and shown in Table 1.1. As can be seen,
the combination of EBID and ALD can yield virtually pure material with a resistivity
comparable to bulk Pt.

Table 1.1 – Pt material purity and resistivity for EBID, ALD and direct-write EBID-ALD, compared
to bulk Pt.

Process Purity (at.% Pt) Resistivity (µΩcm) Reference

Pt EBID 15 2.9 × 107 [28]
Pt ALD 98 13 ± 2 [29]

Pt EBID-ALD 98 ± 1 11 ± 2 [29]
Bulk Pt 100 10.5 [29]
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Frame II: The reaction mechanism of thermal Pt ALD

The reaction mechanism of Pt ALD was first proposed by Aaltonen et al. [30] and fur-
ther developed by Mackus et al. [31, 6]. The mechanism proposed by Aaltonen et al.,
schematically illustrated in Figure 1.11, makes use of the MeCpPtMe3 precursor in the
first half-cycle and O2 as the reactant gas in the second half-cycle.

In the first half-cycle the MeCpPtMe3 molecules adsorb at the as-deposited Pt film. Due
to the presence of surface bound oxygen, part of the hydrocarbon precursor ligands formed
during adsorption are oxidatively decomposed to form CO2 and H2O reaction products.
The amount of surface bound oxygen is limited however and eventually becomes depleted.
At that point, the remaining ligands undergo dehydrogenation reactions on the catalytic
Pt surface, and subsequently CH4 is formed by hydrogenation of methyl ligands [31]. The
dehydrogenation reaction products form a carbonaceous layer on the surface, which poisons
the surface such that no more MeCpPtMe3 can adsorb. During the second half-cycle (O2

exposure), the carbonaceous layer is combusted to form CO2 and H2O reaction products
once again. Furthermore, after combustion the O2 forms a new layer of surface bound
oxygen by dissociative chemisorption on the catalytic Pt film, which returns the surface to
a similar state as before the ALD cycle.
The formation of a carbonaceous layer and CH4 reaction products was not reported by
Aaltonen et al., but is able to explain the self-limiting nature of the reactions (required
for ALD) due to poisoning of the surface. The dehydrogenation of MeCpPtMe3 molecules
requires the catalytic activity of the Pt film, which gets covered by the carbonaceous layer
leading to saturation of the MeCpPtMe3 half-reaction. Furthermore, the combustion of
the carbonaceous layer likely requires an elevated substrate temperature, which explains
the temperature dependence of the ALD process.

The surface bound oxygen plays an important role in the adsorption of the MeCpPtMe3

precursor molecules and largely determines the growth rate of the thermal process [6]. Sur-
face bound oxygen is created by the dissociative chemisorption of O2 molecules catalyzed
by the as-deposited Pt film. The growth mechanism during nucleation on non-catalytic
surfaces is therefore substantially different and relies on the reaction between adsorbed
MeCpPtMe3 and O2 molecules. The probability of this reaction is low due to a low reac-
tion cross section, and likely only a few small islands or single atoms are deposited each
cycle. However, oxygen-induced particle ripening (Ostwald ripening) is thought to play a
significant role during the nucleation, where Pt atoms can diffuse toward larger particles,
assisted by O2 gas, finally forming particles large enough for their catalytic activity to
become dominant.
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Frame II (continued)
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Figure 1.11 – Schematic representation of the basic reaction mechanism for Pt thermal ALD on
an as-deposited Pt film. Oxidative decomposition of the MeCpPtMe3 molecules plays a crucial role
during both half-cycles due to surface bound oxygen in the first half-cycle and O2 exposure in the
second half-cycle.

The exposure to O2 gas promotes the ripening of Pt particles ([32]). Therefore, the O2

pressure during the second half-cycle is the factor that decides whether growth can nu-
cleate on non-catalytic surfaces. For high O2 pressures, Ostwald ripening is effective and
nucleation occurs by the formation of Pt islands which coalesce into a closed film after
∼ 300 cycles. This delays the nucleation until layer-by-layer growth can commence on the
closed film. For low O2 pressures, Ostwald ripening is not effective enough to promote the
diffusion of Pt atoms and subsequently no catalytic Pt islands are formed, and no growth
takes place on the substrate.
This O2 pressure dependence is exploited in the direct-write ALD process, where a low
O2 pressure enables ALD to deposit on Pt EBID seed layers, but not on the non-catalytic
substrate.
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1.6 Goal of the project: fabrication of CNTFETs by direct-
write ALD

The ultimate goal of this project is to fabricate high quality carbon nanotube field-effect
transistors, using direct-write ALD for deposition of the contacts to the CNT. This poten-
tially results in better quality contacts and devices because it does not rely on multiple,
potentially harmful processing steps such as resist removal and etching, as is the case in
conventional fabrication using EBL patterning. The problems were described in Section
1.2.1, and a direct-write ALD process for the deposition of the contacts may resolve them.
The quality of the devices and the electrical properties of the CNT-metal contacts are to
be investigated by electrical characterization.

Since the resist used in EBL patterning typically adheres well to CNTs, some residue
always remains which affects device performance [10, 11]. A direct-write process that does
not use a resist to define the pattern therefore has the potential to improve performance.
Furthermore, during lift-off (resist removal) both the CNT and the contacts can delaminate,
which is typically prevented by using a thin Ti adhesion layer. Without the need for a lift-
off step, a potentially harmful adhesion layer may not be required even for metals with bad
adhesion. Finally, a relatively high electron dose is required to pattern a resist with EBL,
while the deposition of EBID seed layers may allow for a smaller dose if only a thin seed
layer is required to initiate the ALD growth. A smaller dose both increases throughput as
well as decreases radiation damage of the CNTs.

Platinum is the first material of choice, because the direct-write ALD process of Pt has
already been developed previously [6] and the resulting deposit is known to have a very low
resistivity (comparable to bulk Pt) which should result in good quality contacts. From a
pure materials point of view however, palladium could potentially yield better contacts. As
will be explained in Section 2.3, Pd shows a better wetting interaction with CNTs, which
aids charge carrier transport between the metal and the CNT and has been shown to result
in high quality ohmic contacts [33, 9]. Therefore, both the EBID and ALD processes for
Pd deposition will be investigated.

Before the fabrication of devices could begin, the direct-write ALD process was opti-
mized. For one, the dimensions of the contacts and the distance between them should be
scaled down in order to contact SWCNTs with a relatively short channel length. To this
end, the proximity effect due to the extended electron beam interaction volume described
in Section 1.4.1 has to be reduced and optimal deposition conditions have to be found.
Secondly, to prevent electron radiation damage as much as possible, the electron doses
used should be as small as possible, which automatically translates in thinner EBID seed
layers.
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This project is an attempt to answer several research questions and resolve experimental
problems including:

• Does the direct-write ALD process of platinum enable the deposition of high quality
contacts to carbon nanotubes?

• Can the required electron dose during EBID exposure be reduced to prevent or at
least minimize damage to the carbon nanotubes, and how does this dose compare to
other standard contacting methods such as EBL?

• How can the direct-write ALD process be optimized for the required contact dimen-
sions?

• Can a direct-write ALD process of palladium be developed in order to make use of
the advantages of a better wetting interaction?

• Which methods are suitable for the electrical characterization of the carbon nanotube
field-effect transistors as well as the quality of their contacts?

• How can single-walled carbon nanotubes be dispersed on a substrate suitable for
contacting in field-effect transistor configuration?

1.6.1 Outline of the report

After this introductory chapter, this report begins with a theoretical treatment of CNTs
and CNT field-effect transistors in Chapter 2. Important characteristics of CNTs will be
discussed along with methods to produce them. Furthermore, electrical characterization
of the transistors as well as the contacts will be discussed. The chapter will conclude with
a discussion about potential electron beam damage to the CNTs.

The experimental details such as the EBID and ALD setups will be discussed in Chapter
3. Also, details about the EBID and ALD process of Pt and Pd will be given. Chapter
4 addresses the results of initial Pt direct-write ALD depositions. An attempt is made to
find the optimal deposition settings (most notably electron dose and contact size) to allow
the fabrication of CNTFETs. Chapter 5 then deals with the final fabrication as well as
electrical measurements of the CNTFETs.

Some additional experimental results on the direct-write ALD process for Pd and con-
tacts to graphene flakes are presented in Chapter 6, and finally the general conclusions of
this work and an outlook for future research are summarized in Chapter 7.



Chapter 2

Theory

In this chapter, various theoretical aspects will be discussed. First of all, the structure
of carbon nanotubes is discussed, followed by a summary of different techniques for car-
bon nanotube synthesis. Next, the electronic properties and electrical transport in carbon
nanotubes is treated in detail. Then, the physics behind metallic contacts to carbon nano-
tubes is highlighted and the theory of carbon nanotube field-effect transistors is explained.
Finally, the possibility of carbon nanotubes being damaged by an electron beam is inves-
tigated.

2.1 Carbon nanotubes

2.1.1 Structure of CNTs

Any theoretical treatment of carbon nanotubes is best started with another carbon com-
pound: graphene. Graphene is a two-dimensional hexagonal carbon lattice, basically a
single sheet of graphite. The lattice of graphene is schematically depicted in Figure 2.1(a)
below, with a1 and a2 the unit cell base vectors.

A carbon nanotube can be thought of as a rolled up version of such a graphene sheet
into a small tube with the carbon atoms arranged in a helical pattern around the tube
axis. By rolling up the graphene under different angles, different types of nanotubes can
be formed. A nanotube is named after its chiral vector c = na1 +ma2, or equivalently by
its chiral indices (n, m), see Figure 2.1(b). The graphene sheet is rolled in such a way that
the head of the chiral vector meets its tail. The length of the chiral vector is therefore the
circumference of the nanotube, and from this its diameter d is easily determined to be:

d =
|c|
π

=

√
(na1 +ma2)2

π
=
a

π

√
n2 + nm+m2 (2.1)

with a = |a1| = |a2| =
√

3aC−C and aC−C = 0.142 nm the length of the carbon-carbon
bond.

Depending on the chiral vector (or indices (n, m)), a CNT can show metallic or semi-
conducting electrical behavior, which will become apparent by describing the electronic
band structure in Section 2.2.1. In Figure 2.2, models of three different types of CNTs are
shown: (a) a semiconducting (10, 0) nanotube, (b) a metallic (6, 6) nanotube and (c) a

21
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Figure 2.1 – (a) Schematic representation of a part of a hexagonal graphene lattice with lattice
vectors a1 and a2. The unit cell of graphene is represented by the rhombus and contains two carbon
atoms labeled A and B. (b) Construction of the chiral vector c in a (4,6) CNT. The CNT is created
by rolling the graphene sheet such that the head of c connects to its tail.

semiconducting (7, 2) nanotube. The nanotubes in (a) and (b) are the two possible high-
symmetry structures and are called ’zigzag’ tubes (m = 0) and ’armchair’ tubes (m = n)
respectively, named after the pattern of the carbon atoms along the circumference of the
tube as indicated by the red lines. The remaining (less symmetric) nanotubes are called
’chiral’ (Figure 2.2(c)) and are recognized by the helical path of the hexagons around the
tube as highlighted in blue.
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Figure 2.2 – Models of three kinds of carbon nanotubes. Atoms and bonds on the backside are
slightly transparent for clarity. (a) A (10, 0) semiconducting zigzag nanotube. (b) A (6, 6) metallic
armchair nanotube. (c) A (7, 2) semiconducting chiral nanotube.

2.1.2 Single-walled vs multi-walled carbon nanotubes

The carbon nanotubes discussed so far consist of a single shell, yet multi-walled carbon
nanotubes (MWCNT) are also common. A MWCNT consists of multiple concentric shells
of single-walled CNTs with increasing diameter. MWCNTs may consists of as much as
hundred or more shells. While MWCNTs are interesting for other purposes (such as their
excellent mechanical strength due the shell-shell binding), they are not serious candidates
for transistors. It has been reported that different shells of a MWCNT interact (except at
very low temperatures) such that their electronic properties are not determined solely by
the outer most shell [34]. Since each shell can have a different chirality, a typical MWCNT
consists of metallic as well as semiconducting shells, and even if the outer most shell is
semiconducting, coupling between the shells will likely result in conductance through an
underlying metallic shell. Furthermore, the band gap of a CNT is inversely proportional to
its diameter (as will be shown in Section 2.2.1), so that the large diameter MWCNTs will
have such a small band gap that they are not expected to show transistor characteristics at
room temperature [34]. This work therefore concentrates on single-walled CNTs (SWCNT).
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2.1.3 Synthesis of SWCNTs

The synthesis of single-walled CNTs can be roughly divided into two general methods:
bulk produced methods and catalytic chemical vapor deposition [35].

Bulk produced methods

The most popular bulk produced methods include arc-discharge evaporation and laser
ablation of graphite. The arc-discharge evaporation method was the first method used
to produce single-walled carbon nanotubes [36, 37]. In arc-discharge evaporation, a d.c.
arc is discharged between two graphite electrode rods. The graphite rods contain catalyst
particles (Fe, Ni, Co) and an inert gas (Ar, He) is present in the reactor. The discharge
slowly evaporates the graphite rods, and by keeping a constant voltage (typically around
20 V) between the electrodes for several minutes, a deposit will form on the cathode. The
deposit contains single-walled carbon nanotubes, but also amorphous soot and metal (or
metal-carbide) particles. The yield of carbon nanotubes in this process is relatively low.

Laser ablation of graphite is a different method that first allowed the production of a
larger quantity of nanotubes [38]. In this method, a graphite target containing Ni or Co
catalyst powder is heated to about 1200◦C in a furnace (although room temperature is
possible too at the cost of a lower yield) and bombarded by high-power laser pulses. The
laser vaporizes the target and typically produces long ropes of CNT bundles [39].

The growth mechanism for both methods is likely similar [35] since both involve graphite-
metal mixtures, vaporization of the mixture and then condensation in an inert atmosphere,
and they both result in similar nanotube-containing soot. Several mechanisms have been
proposed, with the vapour-liquid-solid (VLS) model as the most widely accepted theory
[35]. In the VLS model, it is assumed that carbon and metal condensate from the vapour
phase into liquid metal-carbide particles. The particles become supersaturated with carbon
and on cooling, it precipitates out of the solution and can form seeds for the nucleation of
single-walled carbon nanotubes.

Both methods result in carbon nanotubes (often in bundles) contained in a mixture
of amorphous soot and metal catalyst particles. This mixture must be purified and the
nanotubes must be extracted and separated if they are to be used for devices. While many
similar purification techniques exist, it is unlikely that such impurities are completely
removed and they often result in short pieces of nanotubes, which must then be dispersed
(often from a solution) on the desired substrates.

Chemical vapor deposition

The catalytic chemical vapor deposition (CVD) of carbon nanotubes refers to the growth
of CNTs from catalyst particles by supplying a (carbon-containing) feedstock gas at a high
temperature [35]. Catalyst particles include again Fe, Ni, Co but also Mo and oxides such
as Fe2O3. Instead of impregnating graphite with these particles, they can be prepared on
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a substrate in various ways (therefore they could also be placed in a defined pattern for
more controlled CNT growth). The substrate is placed in a tube furnace and heated to
the desired growth temperature (typically 600-1200◦C). Finally, carbon is supplied by a
feedstock gas such as CH4 [40] or C2H2 [41] and carbon nanotubes grow from the catalyst
particles. The size of the particles is an important factor in controlling the diameter
of the nanotubes, for large particles only multi-walled carbon nanotubes can be grown,
while small particles in the range of several nanometers grow single-walled CNTs, with a
diameter typically higher than CNTs produced by bulk produced methods. Similar to the
bulk produced methods, catalyst particles become saturated with carbon, after which the
carbon can form a seed for CNT growth.

Multi-walled CNTs grown by CVD typically have a much lower quality (more struc-
tural defects) than bulk produced MWCNTs. For single-walled CNTs however, the CVD
produced quality is at least as good as other methods, and likely even better [35]. The
most important advantage of CVD grown nanotubes of course is that they are grown on the
substrate without any impurities and therefore do not require purification and dispersion
on substrates.

2.2 Electronic properties and transport

2.2.1 Band structure of CNTs

In order to derive the electronic properties of a carbon nanotube, it is best to start with
the band structure of graphene [42, 35]. The unit cell of graphene, shown in Figure 2.1(a),
has two nonequivalent carbon atoms labeled A and B. The reciprocal lattice is drawn in
Figure 2.3(a).

The band structure of graphene can be calculated by the tight-binding model [42]. By
neglecting the overlap between the wave function of neighboring atoms (overlap integral),
the energy dispersion relation is given by:

E = E0 ∓ γ0

(
1 + 4 cos

(√
3 kxa

2

)
cos

(
kya

2

)
+ 4 cos2

(
kya

2

))1/2

(2.2)

Here, γ0 is the transfer integral which measures the strength of the exchange interaction
between neighboring carbon atoms and is usually assumed to be about 2.5 eV. The positive
sign represents the conduction band while the negative sign represents the valence band.
Figure 2.3(b) shows a 3-dimensional plot of the band structure in reciprocal space relative
to the Fermi level (E0 = 0). The most important observation is that for energies near
the Fermi level the band structure is nearly conical and the conduction and valence bands
meet at the six K symmetry points, such that there is no band gap.
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Figure 2.3 – (a) The reciprocal lattice of graphene with reciprocal unit vectors b1 and b2. In the
Brillouin zone, the high-symmetry points Λ, K and M are shown. (b) Band structure of graphene
calculated by tight-binding approximation. The blue hexagon represents the reciprocal lattice. Note
how the energy is conical around the six K points with no band gap.

The slope of the conic dispersion near the K points is given by:

dE

dk

∣∣∣∣
K

=

√
3

2
aγ0 = h̄vF (2.3)

where vF = 8× 105 m/s is the Fermi velocity of electrons in graphene.

The transition to carbon nanotubes is now performed simply by applying a boundary
condition to the wave function of the electrons. If the CNTs are treated as infinitely long
cylinders (which is a valid approximation considering that they are orders of magnitude
(typically > 103) longer than that they are wide) then there are two wave vectors: k‖
parallel to the CNT axis and k⊥ along the circumference of CNT. k‖ is continuous (due
to the infinite length), but k⊥ should satisfy a periodic boundary condition given below,
which leads to quantized values of allowed k⊥:

k⊥ · c = πdk⊥ = 2πp (2.4)

where d is the diameter of the CNT and p is any integer.
The quantization of k⊥ can be visualized as 1D slices out of the 2D band structure of

graphene. This is depicted schematically in Figure 2.4(a). This figure shows the low-energy
part of the same band structure of graphene shown in Figure 2.3(b). The reciprocal lattice
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is shown with the conical approximation of the band structure at each of the six K points.
The red lines indicate the allowed k⊥ values for CNTs at regular intervals. The band
structure of the CNT results by slicing the graphene band structure through the allowed
k⊥ values, and the resulting 1D CNT band structure depends on where the slices are made.
This is depicted in Figures 2.4(b) and (c). The quantization of k⊥ depends on the chiral
vector c, thus ultimately on the indices (n, m) that define the CNT.

(a)

(b)

(c)
Figure 2.4 – (a) Band structure of graphene (low energy values only) showing the conical band
structure at the K points. By rolling up the graphene into a CNT, the k⊥ wave vector becomes
quantized (the red lines indicate allowed values) and the resulting 1D CNT band structure is given
by slicing the 2D graphene band structure at the allowed values. (b) An allowed k⊥ value crosses the
K point, which results in a conical band structure for the CNT and metallic behavior. (c) The k⊥
value does not cross the K point, resulting in a hyperbolical band structure with a band gap Eg and
semiconducting behavior.

In Figure 2.4(b), an allowed k⊥ crosses the K point. The resulting band structure is
conical in shape and has no band gap, which results in metallic behavior for this CNT. In
Figure 2.4(c), the allowed value does not cross the K point and the resulting band structure
is a hyperbolical slice of the cone. A band gap Eg appears resulting in semiconducting
behavior.

Apparently, the chiral vector (or indices (n, m)) determines the electronic properties of
the CNT, because it determines the spacing between allowed k⊥ states and their angle with
respect to the surface of the Brillouin zone of graphene. CNTs where the allowed k⊥ states
pass directly through the K points are metallic, while the remainder are semiconducting.
By straightforward analysis, one comes to the conclusion that all armchair CNTs with
matching indices (n, n) are metallic. Further, it can be shown that CNTs with n−m = 3q
(where q is an integer) are metallic while the remainder are semiconducting [35].
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By analysis of the k⊥ boundary condition for semiconducting CNTs it can be shown
that the distance by which k⊥ misses the K point is proportional to the diameter of the
CNT. The diameter therefore determines the band gap (refer to Figure 2.4(c), by moving
the slice toward higher k⊥ the band gap increases) as:

Eg = 2×
(
∂E

∂k

)
× 2

3d
= 2h̄vF

2

3d
≈ 0.7 eV

d (nm)
(2.5)

Thus the band gap is inversely proportional to the CNT diameter. For typical diameters
between 0.8-3 nm this yields a band gap of about 0.2-0.9 eV.

In conclusion, the electronic properties of CNTs are determined by their chiral vector,
or equivalently their diameter and indices (n, m). Roughly one third of CNTs display
metallic behavior because the allowed states for the quantized k⊥ wave vector crosses the
K points of the Brillouin zone. The remaining two thirds are semiconducting CNTs with
a band gap inversely proportional to their diameter.

2.2.2 Ballistic transport in 1D conductors

According to the work of Landauer, the conductance of systems without significant defects
can be described by the electron transmission probability across the conductor [43]. This
conductance can be understood by considering the flow of electrons through the conductor
between two contacts with Fermi levels EL

F (left) and ER
F (right), illustrated in Figure 2.5.

The current through the conductor is simply given by the product of the number of charges
q(E) = eD(E) f(E −EF ) and the charge carrier velocity v(E), where D(E) is the density
of states and f(E) is the Fermi function. The current from the left to the right contact is
thus given by:

IR =

∫ ∞
−∞

eD(E) v(E) f(E − EL
F ) dE

The current to the left is given by

IL = −
∫ ∞
−∞

eD(E) v(E) f(E − ER
F ) dE

These expressions can be simplified significantly by considering that the product be-
tween the density of states (for a 1 dimensional material) and the velocity is given by:

D(E) × v(E) =
1

π

∣∣∣∣∂E∂k
∣∣∣∣−1

× 1

h̄

∂E

∂k
=

1

πh̄
=

2

h

The total current (the sum of the left and right currents) is therefore given by:

I = IR + IL =
2e

h

∫ ∞
−∞

[
f(E − EL

F )− f(E − ER
F )
]

dE
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f(E - EL)          F f(E - ER)          F

Figure 2.5 – Schematic illustration of a ballistic conductor between two contacts with Fermi levels
EL

F and ER
F , showing the Fermi distributions of each contact and the currents.

By applying a small bias voltage V the difference in contact Fermi levels is EL
F −ER

F =
eV and the current reduces to:

I = G× V =

(
2e2

h

∫ ∞
−∞

(
− ∂f
∂E

)
dE

)
× V

Here, G is the small bias conductance. At zero temperature then one obtains the
quantum of conductance:

G0 =
2e2

h

For transport through real systems, one must consider that multiple modes or channels
can contribute to the conductance, with each mode carrying one quantum of conductance
G0. Furthermore, scattering processes in the conductor may reduce the electron trans-
mission probability. The total conductance therefore is given by the sum of conductance
through each mode m with the corresponding transmission probability Tm(E):

G =
2e2

h

∑
m

∫ ∞
−∞

Tm(E)

(
− ∂f
∂E

)
dE

When scattering effects are negligible, Tm(E) = 1 and the total conductance is just one
G0 for each mode. In this case the transport is said to be ballistic, where the electrons do
not scatter, encounter no resistance and do not dissipate energy in the conductor.

2.2.3 Electrical transport in CNTs

In Section 2.2.2, the concept of ballistic transport was explained, where the conductance
G was given by a sum of quantum conductance values G0 = 2e2/h, one for each mode
or channel. Due to the one-dimensional band structure of carbon nanotubes, only two
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modes of conductance are available near the Fermi energy, so that (in the ballistic limit,
i.e. no scattering) the conductance of a CNT should be equal to G = 2G0 = 4e2/h,
which equates to a resistance equal to the quantum resistance RQ = 1/2G0 = h/4e2 ≈ 6.5
kΩ. However, electrons may scatter in a CNT due to defects as well as acoustic and
optical phonons. Optical phonons may be disregarded for low bias voltages however, but
merely limit the maximum current through the CNT at high bias voltages [44]. Acoustic
phonon scattering is significant if the length of the CNT between the contacts (channel
length) is near or larger than the electron mean free path Lmfp. If the mean free path is
much larger than the channel length, then no significant scattering occurs and transport
is ballistic. The mean free path for single-walled CNTs has been reported to be several
hundred nanometers, typically around 200 nm [44, 33, 45, 46, 9]. This large mean free path
opens the possibility for ballistic transport through carbon nanotubes, and indeed evidence
for ballistic transport has been reported for metallic CNTs [46] as well as semiconducting
CNTs [33], with conductance near 2G0.

The resistance of a single-walled CNT can be expressed as a sum of the channel re-
sistance Rch and contact resistance Rc [44, 47]. The channel resistance is significant only
if the channel length Lch is comparable or larger than the mean free path for acoustic
phonon scattering Lmfp. Otherwise, the transport is ballistic and the channel resistance
is negligible. The contact resistance on the other hand is always at least RQ and may be
more due to residual resistance Rres caused by Schottky barriers and/or tunneling barriers
at the contacts (discussed in Section 2.3).

The total resistance as a function of channel length can therefore be expressed as follows
[44, 47]:

R(Lch) = Rc +Rch = (Rres +RQ) +RQ
Lch

Lmfp
= Rc +

h

4e2

Lch

Lmfp

The total contact resistance Rc = Rres + RQ is independent of channel length and in
the ballistic limit Lch � Lmfp the total resistance reduces to just the contact resistance.
Note that Rc includes both contacts (and in case the resistance is assumed equal at both
contacts, then the contact resistance is often written as 2Rc).

2.3 Metallic contacts to semiconducting CNTs

Electrical contacts play a crucial role in electronic devices. Metallic contacts to (semicon-
ducting) carbon nanotubes are especially interesting due to the 1-dimensional structure of
the CNTs, which requires a reconsideration of much of the physics that governs contacts
to bulk semiconductors. For contacts to bulk semiconductors the contacts are essentially
planar, but for contacts to CNTs, two types of contacts are possible with different physical
properties [43]. In an end-bonded contact, the CNT is terminated and chemically bonded
at the contact, as shown in Figure 2.6(a). At first sight this type of contact may appear
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similar to contacts to bulk semiconductors, but the reduced dimensions of the CNT change
the behavior drastically. For side contacts (Figure 2.6(b)), the contact material is covering
the CNT (either partially or completely) and the interaction is predominantly of van der
Waals character. Side contacts can consist of the CNT laying on top of the contacts, or
the contacts being deposited on top of the CNT, or a combination of both to completely
embed the CNT in the contact material. By far the most contacts to CNTs (including this
work) are side contacts since they are much easier to fabricate, so the focus in this section
is on side contacts.

(a) (b)

Figure 2.6 – Schematic illustration of types of contacts to a CNT. (a) End-bonded contacts, where the
CNT is terminated at the contact. (b) Side contacts, where the CNT is embedded (fully or partially)
in the contact material and interaction is mainly of van der Waals character.

For the contact between a metal and a bulk semiconductor, the important factor is the
alignment between the metal Fermi level and the semiconductor band gap [48]. To obtain
thermal equilibrium, electrons flow between the metal and the semiconductor to align the
Fermi levels. A space charge region develops in the semiconductor with a depletion widthW
perpendicular to the interface. If the Fermi level is above the conduction band edge or below
the valence band edge, an ohmic contact exists. However, if the Fermi level falls between
the conduction and valence bands (in the band gap), then a Schottky barrier appears at
the interface, see Figure 2.7(a,b). In the simplest model, the barrier height for electrons
is given simply by the difference between the metal work function φm (difference between
vacuum level and the Fermi level) and the semiconductor electron affinity χ (difference
between the vacuum level and the conduction band edge): φb = φm − χ. The barrier
height for holes ∆ is the difference between the metal Fermi level the valence band, or
equivalently ∆ = Eg +χ+φm. Note that the sum of the two barriers must equal the band
gap: φb + ∆ = Eg.

Since the Schottky barrier heights depend linearly on the metal work function, this
would indicate that the contact metal is important in determining the contact properties.
However, due to the interaction between the metal and the semiconductor, surface states
(often referred to as metal-induced gap states or MIGS) appear near the interface with an
energy in the semiconductor band gap. A local sheet charge appears in the semiconductor
(and an image charge in the metal), and the electrostatic potential of this dipole bends
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the valence and conduction bands near the interface, pinning the Fermi level in the band
gap, as illustrated in Figure 2.7(c,d). This bending happens on a rather small scale, and
band bending due to Fermi level alignment (Figure 2.7(b)) is still dominant on a larger
scale (roughly the Debye length of the semiconductor). The result is that for bulk contacts,
these metal-induced gap states almost completely determine the Schottky barrier height
and the metal work function often does not matter [48]. This effect is called Fermi level
pinning.
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Figure 2.7 – Schematic illustration of the band diagram of the interface between a metal and semi-
conductor in contact. (a) The metal Fermi level EF as well as the semiconductor conduction band edge
EC and valence band edge EV are shown before contact is made. (b) After contact, in equilibrium the
Fermi level must be equal across the interface. The conduction and valence band edges bend over a
long range (on the order of the Debye length, several micron for Si). A Schottky barrier with a height
of φb = φm − χ seems to appear, where φm is the metal work function and χ is the semiconductor
electron affinity. (c) On a much smaller scale (several nanometers), metal-induced gap states (MIGS)
and an associated neutrality level EN form in the semiconductor band gap near the interface. (d) The
neutrality level aligns with the Fermi level causing additional bending of the conduction and valence
bands.
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For contacts to bulk semiconductors, the dipole due to these metal-induced gap states
is a large sheet of charge, such that the range of the electrostatic potential (which bends the
valence and conduction bands and pins the Fermi level) is ”infinite” (at least comparable
to the lateral dimensions). For contacts to 1-dimensional nanostructures such as CNTs
however, the physics is quite different. For end-bonded contacts, the dipole is ring-shaped
and localized in all three directions near the contact, such that its electric potential is no
longer ”infinite” in extent but rather decays as the distance squared. The additional band
bending due to Fermi level pinning therefore results in only a very thin barrier (∼2 nm)
which charge carriers can easily overcome by quantum mechanical tunneling [49].

For side contacts on the other hand, the interface between the contact and the CNT is
cylindrical. Band bending due to Fermi level alignment is therefore in the radial direction
(perpendicular to the interface), which means that only a region the size of the CNT wall
can be depleted. As a result, only partial band re-alignment can occur and Fermi level
pinning is not a dominant effect [43].

Due to the reduced influence of Fermi level pinning for end-bonded and side contacts
to carbon nanotubes, the metal work function (the type of contact metal chosen) mostly
determines the Schottky barrier height as in the simple picture: φb = φm − χ. Ohmic
contacts may therefore be created by choosing the metal such that the Fermi level is in the
conduction or valence band of the CNT, which typically has a work function around 4.7 eV
[50]. For example, a high work function metal (such as 5.1 eV for Pd or 5.7 eV for Pt [33])
may contact the CNT in the valence band and allow for efficient hole injection, possibly
without a significant Schottky barrier. Evidence for ohmic contacts to semiconducting
CNTs using Pd contacts has indeed been found by Javey et al.[33], however the same
authors report a lower performance with Pt contacts. Furthermore, Mann et al. report
ohmic contacts to metallic CNTs using Pd, but nonohmic contacts for Pt contacts [46].
These differences may be attributed to the fact that Pd shows a better wetting interaction
with CNTs than other metals [51], and a bad wetting interaction for Pt may introduce
additional tunneling barriers at the contacts. An example of the wetting interaction of
Pd with CNTs (compared to Au and Al) is shown in Figure 2.8. In fact, it has been
reported that the contact resistance increases for higher work function metals in case the
wettability is bad, and the contact resistance for Pt was indeed found to be higher than
any other material [52]. In conclusion then, both the work function of the metal and
its wetting interaction with carbon nanotubes are important parameters in choosing the
contact metal, and so far Pd seems the best choice.

For side contacts to carbon nanotubes, the length over which charge injection occurs
is another important aspect [48]. This length is typically referred to as the transfer length
LT , shown in Figure 2.9. Charge injection occurs mainly at the contact edge and typically
falls off further down the contact as indicated by the arrows. If the contact length Lc (the
length of the contact along the CNT axis) is much smaller than the transfer length, then



CHAPTER 2. THEORY 34

Figure 2.8 – Deposition of Pd, Au and Al on carbon nanotubes showing the difference in wetting
interactions. Pd (as well as Ti and Ni, not shown) coats the CNT much more uniformly. From Zhang
et al. [51].

charge injection cannot be very efficient and an increased contact resistance is expected.
The transfer length for typical Pd contacts is around 200-430 nm [48]. Franklin et al. have
indeed observed an inverse relationship between contact resistance and contact length for
contact lengths below 300 nm [44], as shown in Figure 2.10. This potentially limits the
scaling of the contacts since for very small contact lengths the increased contact resistance
may overwhelm the device resistance.
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Lc LT

Figure 2.9 – Schematic side-view of a side contacted CNT. The contact length Lc (length of the
contact along the CNT axis) and the transfer length LT are indicated.

2Rc ~ RQ + Lc
-1

Figure 2.10 – The contact resistance Rc scales inversely with the contact length Lc as reported by
Franklin et al. [44].
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2.4 Carbon nanotube field-effect transistors

The concept of a field-effect transistor was already briefly introduced in Chapter 1. A
field-effect transistor can be fabricated from a semiconducting carbon nanotube by con-
tacting the CNT with appropriate metal contacts. As discussed in the previous section,
the type of metal (specifically the work function and wetting interaction) in these contacts
play a crucial role in determining the contact properties (unlike contacts with traditional
bulk semiconductors, where Fermi level pinning decreases the influence of the metal work
function).

A carbon nanotube field-effect transistor (CNTFET) device typically consists of one
single-walled semiconducting carbon nanotube channel1 contacted by two similar metal
contacts (the source and drain contacts). A third contact (the gate) controls the switching
behavior of the transistor and is electrically isolated from the CNT by a thin gate dielec-
tric. The characteristics of typical CNTFET devices (specifically the transfer and output
characteristics) will be discussed next, followed by the theoretical operating principles.

2.4.1 Transfer and output characteristics

The characteristics of field-effect transistors are typically summarized in two I − V curves
that display the behavior of the device. The transfer characteristics refer to the behavior
of the device under varying gate voltages Vgs and are shown by Id-Vgs curves. The output
characteristics on the other hand refer to the behavior under varying drain-source voltages
Vds and are displayed by Id-Vds curves. Typical examples (schematically drawn) of transfer
and output characteristics are shown in Figure 2.11 (a) and (b) respectively.
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Figure 2.11 – Schematic illustration of the I − V characteristics of typical CNTFET devices. (a)
Transfer characteristics for a p-type, n-type and ambipolar ’a’ device. (b) Output characteristics for
increasing gate voltages.

1Devices may be fabricated with multi-walled CNTs, multiple separate single-walled CNTs or bundles
of CNTs, but for simplicity the devices considered in this work have a single CNT channel.
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The CNTFET device is in the ’on’ state when the gate voltage is such that an apprecia-
ble drain current Id can flow, and it is in the ’off’ state when Id is negligibly low. The ratio
between the on and off currents is typically between 104 and 106 [7], in other words the
gate should be able to modulate the drain current by 4 to 6 orders of magnitude. Devices
that turn on only for positive gate voltages are referred to as n-type transistors (since they
operate by electron injection) while devices that turn on for negative gate voltages are
called p-type transistors (hole injection). Ambipolar devices are also possible where the
device turns on for both negative and positive voltages but turns off somewhere around
Vgs = 0.

In contrast to traditional MOSFET devices (where the type of transistor is determined
by the doping type of the semiconductor), the CNT transistor type is (likely) determined
by the contacts and is an effect of the CNT itself. Most CNTFET devices result in p-
type operation, which is likely caused by interaction with the ambient air (oxygen), which
may raise the contact metal work function [53]. A higher metal work function results in a
lower barrier for hole injection and a higher barrier for electron injection, favoring p-type
operation. Indeed, Derycke et al. have shown that simply annealing p-type devices can
convert them to n-type operation (or even ambipolar operation) [54]. Oxygen exposure
can then convert the devices back to p-type operation. The device operating principles will
be discussed in the next section.

Beside the on- and off-currents (and their ratio), important parameters of a CNTFET
device include the threshold voltage and subthreshold swing. The threshold voltage Vth is
the gate voltage at which the device switches between on and off. The threshold voltage
can be determined by extrapolating the linear response (in on state) to the gate voltage
axis when plotting the transfer characteristics on a linear scale. This will be explained in
Section 3.6.

The subthreshold swing SS (indicated in Figure 2.11(a)) is the inverse of the sub-
threshold slope and indicates how fast a device can switch between on and off states. It
is typically measured in units of mV/decade, which refers to the change in gate voltage
required to obtain an order of magnitude change in current:

SS =

∣∣∣∣d log10 I

dVgs

∣∣∣∣−1

A lower subthreshold swing indicates faster switching. Under ideal conditions, the
minimum subthreshold swing can be calculated to be equal to SS = kT

e ln 10 ≈ 60 mV/dec.
This assumes that the gate voltage is not screened by the source and drain contacts (e.g.
a change in gate voltage ∆Vgs results in a corresponding band shift of exactly e∆Vgs) and
the contacts are ohmic (e.g. perfect transmission T (E) = 1 as in a ballistic conductor),
which is not usually satisfied in practice resulting in a higher subthreshold swing. [43].

The output characteristics (Figure 2.11(b)) show the behavior of the device under a
constant gate voltage and varying drain-source voltage. A higher drain current can flow
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for higher |Vds| bias, until the energy of charge carriers is high enough to excite optical
phonons. At that point, charge carrier backscattering causes the current to saturate at a
maximum of about 25 µA [33]. Compared to acoustic phonons, the mean free path for
optical phonons is very short (10 to 15 nm [45, 44]) so they affect the characteristics even
at very short channel lengths.

2.4.2 Operating principle

A CNTFET operates by charge carrier injection from the source and/or drain contacts
into the CNT, and modulation of the current via a gate voltage. As explained in Section
2.3, the metal contacts to a CNT may be either ohmic in nature or form Schottky barriers.
The working principle of the CNTFET device is very different for each type of contact [43].
The principles behind the gate control of a CNTFET device will be discussed next for each
type.

Ohmic contacts

The Schottky barrier height for electrons φb increases for increasing metal work function
(and consequently the barrier for holes decreases). If the work function is high enough, the
Fermi level of the metal may contact the CNT in the valence band, resulting in an ohmic
contact for holes (and consequently a large Schottky barrier for electrons) [48]. High work
function metals such as Pd (5.1 eV) or Pt (5.7 eV [33]) may therefore form ohmic p-type
transistors. Likewise, low work function metals may form ohmic contacts for electrons
creating n-type transistors. The gate voltage is able to modulate the current through the
CNT because it bends the conduction and valence bands, lowering or raising the energy
barrier for charge carriers, similar to traditional MOSFETs. This is illustrated in Figure
2.12.
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Figure 2.12 – Band-bending in a p-type CNTFET with ohmic contacts (the metal Fermi level contacts
the CNT in the valence band). (a) Device is turned off (gate voltage above threshold voltage for a
p-type transistor) and a high barrier for holes exists in the channel. (b) Device is turned on. A negative
gate voltage is applied which shifts the bands up and reduces the barrier for holes.
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Schottky contacts

In case the work function is not high enough (or the CNT band gap is too large) for ohmic
contacts, the Fermi level of the metal contacts the CNT in the band gap, resulting in
Schottky barriers for electrons and holes. Transport over the barriers is determined by
the thermal energy (thermionic emission). In contrast to traditional bulk semiconductors
however, due to the 1-dimensional structure of CNTs these Schottky barriers are very
narrow, and beside thermionic emission, charge carriers are able to tunnel through the
barriers [48]. By applying a gate voltage, the conduction and valence bands are shifted and
in turn the Schottky barrier width changes. Large band bending results in sharp and thin
barriers, see Figure 2.13. Since the tunneling current depends on the width of the barrier,
the gate voltage is able to change the amount of tunneling through the Schottky barriers.
Schottky barrier CNTFETs therefore operate by modulating the tunneling current by the
gate voltage, a rather different principle than traditional transistors and ohmic contact
CNTFETs.
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Figure 2.13 – Band-bending in a p-type Schottky barrier CNTFET. (a) Device is turned off (gate
voltage above threshold voltage for a p-type transistor) and a wide barrier for holes exists due to small
band bending. The long tunneling length from source (S) to valence band causes a small tunneling
current. (b) Device is turned on. A negative gate voltage is applied which shifts the bands up, causing
far greater band bending near the contacts. The barrier for holes becomes sharper and the hole
tunneling current increases.

2.5 Electron radiation damage

When defining contacts to carbon nanotubes by electron beam lithography (EBL) or elec-
tron beam induced deposition (EBID), a beam of electrons is scanned over the carbon
nanotube. Furthermore, scanning electron microscopy (SEM) is often used to locate CNTs
before patterning contacts, where the CNTs are also irradiated by electrons. It is therefore
useful to investigate the effect that an electron beam has on CNTs. If the electron beam is
able to damage the CNTs or otherwise change their electrical properties then precautions



CHAPTER 2. THEORY 40

must be taken to avoid electron exposure as much as possible.

The effect of an electron beam on graphene is perhaps more readily investigated, for
example by Raman spectroscopy which is able to detect defects in the graphene lattice.
Several reports indicate graphene damage by relatively low energy and dose electron beams,
which manifests itself mainly as the appearance of a D-peak in the Raman spectrum,
indicating defects [55, 56, 57]. Furthermore, the mobility and conductivity of the graphene
is reduced. These effects are mostly attributed to the amorphization of the graphene
(conversion to nanocrystalline and then amorphous form).

For single-walled carbon nanotubes, electron irradiation effects have been investigated
by Smith et al. [58]. It was concluded that an energy of at least 86 keV is required
for electrons to directly knock carbon atoms from the CNT. This energy is much higher
than typical energies for SEM imaging as well as contact patterning (at most tens of kV
acceleration voltages are used), which indicates that direct knock-on damage by electrons
is not likely to be a problem.

Much different results however have been obtained by Suzuki et al., where it was found
that even low energy irradiation can drastically deteriorate the electrical properties of
single-walled CNTs. Using an acceleration voltage of 20 kV, both metallic and semicon-
ducting CNTs were irradiated and their conductivity was decreased up to 6 orders of
magnitude after irradiation [59]. In this experiment, the CNTs were first imaged with a
relatively low dose of approximately ∼ 6 pC/µm2, which quickly decreased their conduc-
tivity over an order of magnitude. The dose was then increased to ∼ 7 × 104 pC/µm2 by
scanning the electron beam in a line over the CNT, which finally decreased the conduc-
tivity over 5 orders of magnitude. Furthermore, even lower acceleration voltages around
1 kV have been found to be even more destructive [60]. The irradiation doses used in
these experiments are similar or below regular SEM operation and EBL or EBID contact
patterning, indicating that electron beam damage is very difficult to prevent and that the
exposure should be kept as low as possible. Since the energies are not nearly enough for
direct knock-on damage, ballistic ejection of a carbon atom is not a likely cause. The
electrons may be able to excite valence electrons and plasmons however which could be the
cause of the observed damage [60].

As will be explained in Section 3.5 and in Chapter 5, in order to investigate the suit-
ability of the carbon nanotubes used in this work, a number of CNTFET devices were
fabricated by conventional EBL patterning followed by evaporation of Pd contacts. Sev-
eral of these devices where imaged by SEM after being characterized. In order to investigate
the effect of the electron beam on the carbon nanotubes, the same devices where charac-
terized a second time after SEM imaging. The result is shown in Figure 2.14 and clearly
shows a dramatic decrease in subthreshold swing (switching speed), on-current and on/off
current ratio as well as a shift in the threshold voltage after SEM imaging. The effect has
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not been quantified at this point (since the exact electron dose during imaging was not
known), but it is clear that the electron beam adversely affects the device.
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Figure 2.14 – Transfer characteristics of the same CNTFET fabricated by conventional EBL pat-
terning and Pd evaporation both before and after regular SEM imaging. A decrease in subthreshold
swing, on-current and on/off current ratio clearly indicates a deterioration of the transistor properties
after electron beam exposure.

In order to prevent electron beam damage as much as possible then, observing the CNTs
via SEM imaging should be prevented and the electron dose during contact patterning
should be as low as possible. In Section 4.1 the effort of reducing the electron dose to
prevent damage will be discussed in detail, and a further improvement to the direct-write
ALD process to prevent electron beam irradiation of the CNTs altogether is discussed in
the Outlook in Section 7.2.
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Experimental details

3.1 EBID setup: DualBeam

EBID seed layer deposition was carried out in two different but identical FEI Nova 600
DualBeam setups, one of which was located at FEI Company, Eindhoven. In these systems,
a focused ion beam (FIB) and scanning electron microscope (SEM) are combined, as shown
in Figure 3.1. The electron and ion columns consist of several lenses and coils in order to
focus and scan the beams. A Schottky field emission gun (FEG) serves as the electron beam
source, while a liquid metal ion source provides gallium ions for FIB. Several electron and
ion detectors are present for the detection of secondary electrons, backscattered electrons
or secondary ions (depending on the mode of operation) which allows for imaging.
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Figure 3.1 – A schematic representation of the most relevant parts of a FEI Nova 600 DualBeam
setup used for EBID and SEM. The electron and ion columns supply the electron and ion beam for
SEM and FIB respectively. The gas injection system (GIS) is able to dose a precursor close to the
substrate and can be retracted when not in use.

A turbo molecular pump is able to pump the system down to a base pressure in the
order of 10−6 mbar, which ensures a minimum amount of contaminating background gasses
during EBID. The computer-controlled 5-axis substrate stage allows for precise and repeat-
able sample positioning. Under normal SEM operation, the electron beam is perpendicular

42
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to the sample. However, the stage can be tilted to a 52◦ angle at which point the ion beam
is perpendicular to the sample.

To enable EBID, a gas injection system (GIS) is present, consisting of a temperature
controlled precursor reservoir (between room temperature and 100◦C), a valve and an
injection needle. During EBID, the GIS can be inserted such that the needle is positioned
∼ 100µm above the substrate to enable local precursor delivery. The system has multiple
GIS ports so that multiple injection systems can be used simultaneously if desired.

Finally a liquid nitrogen cooled EDAX EDX detector serves as an X-ray detector which
is used in this work for compositional analysis as well as thickness determination as de-
scribed in Section 3.1.5.

3.1.1 Imaging

A SEM can produce images of the substrate by dividing the desired view (with the desired
magnification) into pixels and irradiating each pixel by the electron beam for a short
amount of time, which produces backscattered and secondary electrons. Electron detectors
can detect these scattered electrons and the amount of electrons detected determines the
brightness of the pixel under irradiation. At the cost of resolution, the scanning speed can
be set high enough for (almost) real-time imaging.

The user can choose to produce the image by backscattered electrons or by secondary
electrons. In case BSEs are detected, the image is said to have atomic number contrast:
elements with a higher atomic number produce more backscattered electrons, which results
in brighter pixels and therefore a visible contrast between different elements can be seen.

3.1.2 Patterning

The patterning software in a typical EBID setup performs the beam scanning by dividing
the pattern into np discrete rectangular ’pixels’, as shown in Figure 3.2. Each pixel is
irradiated by the electron beam for a short amount of time called the dwell time τ . The
distance between the pixels, the pitch δ, is typically comparable to the irradiated area so
that there are no gaps between adjacent pixels.

Figure 3.2 – The EBID patterning software divides a pattern into discrete pixels of size δ where each
pixel is irradiated for a dwell time τ .

The thickness T of a structure deposited by EBID typically depends on the yield and
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electron dose as T = Y Φe. The yield Y [m3/C] is the volume deposited per unit of charge
and is determined mainly by the details of the deposition process (i.e. the precursor). The
electron dose Φe [C/m2] represents the number of charges from the electron beam (primary
electrons) reaching a certain area of the substrate. This dose depends on the current and
can be expressed using the total pattern area and deposition time, or equivalently using
the pixel size and dwell time:

Φe = N
It

A
= N

Iτ

δ2
(3.1)

where t = τnp is the total deposition time and A = δ2np the total area of the pattern.
The electron beam can scan the same pattern N times, where each pass of course increases
the total electron dose. Electron doses are typically reported in units of C/m2 = pC/µm2

= 0.1 mC/cm2.
It is important to note at this point that only the primary electrons are counted in

the electron dose. The backscattered electrons (BSE) and secondary electrons (SE) how-
ever also cause a significant amount of deposition [22, 23] and are essential to the EBID
process. In fact, evidence has been reported that the precursor dissociation process is pri-
marily driven by low energy secondary electrons instead of the much higher energy primary
electrons [24, 25]. For each irradiated pixel, a certain amount of BSEs and SEs emerge
from the interaction volume which is typically much larger than the pitch (pixel size). Ef-
fectively, in a relatively large pattern each pixel receives a certain BSE and SE dose from
a large number of its neighboring pixels.

Beam parameters

During EBID, many electron beam parameters can be adjusted in order to optimize the
resulting deposit. The two most important parameters are the acceleration voltage (which
determines the energy of the electrons) and the beam current (which mainly determines
the electron dose). In a typical SEM, acceleration voltages reach from less than 1 kV up
to about 30 kV. Beam currents in turn range from a few pA to about 30 nA.

Both the acceleration voltage and beam current determine the final size of a deposited
pattern. The spot size of a focused electron beam increases with increasing beam current
due to increased Coulomb interaction between the electrons, so for high beam currents the
spot size becomes the limiting factor when depositing small structures. As explained in
Section 1.4.1, the precursor decomposition mainly occurs by secondary electrons emerging
from the substrate in a certain interaction volume. The size of this interaction volume
depends on the energy of the primary electrons and thus on the acceleration voltage. For
high acceleration voltages, the interaction volume is large. At the same time, the spot
size of the beam decreases with increasing acceleration voltage, so an optimum trade-off
between spot size and interaction volume size must be found.

The combination of acceleration voltage and beam current thus determines the irra-
diated area in which decomposition (and thus deposition) of the precursor is expected to
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occur.
Note that the electron dose scales linearly with the beam current. This means that

while a small current is beneficial for depositing small dimensions (due to a smaller spot
size), also a longer deposition time is required to deposit the same volume. In practice
patterns are usually split into multiple parts, where a part with critically small dimensions
is patterned with a small beam current, while any large parts where the size is not very
critical are patterned with a large current in order to speed up the process.

3.1.3 EBID of Pt

Pt seed layers were deposited by EBID using the MeCpPtMe3 (methylcyclopentadienyl
(trimethyl)platinum) precursor, see Figure 3.3. This precursor is also commonly used for
ALD of Pt, as described below in Section 3.2.1) and has a melting point of 30-31◦C [61].
To ensure an adequate precursor flux from the gas injection system (GIS), the precursor
reservoir was heated to 44◦C. The substrate was not heated and remained at room tem-
perature. Prior to deposition, the chamber pressure was in the order of 10−6 mbar. The
pressure increased up to 2 × 10−5 mbar after opening the GIS, while locally even higher
precursor pressures were obtained near the substrate. When inserted, the tip of the GIS
needle was located around 100-200 µm above the substrate and typically around 100-200
µm laterally from the center of the pattern. In case the pattern is large, the needle is
moved slightly backwards (and necessarily also upwards) to prevent it from blocking the
pattern.

Figure 3.3 – A schematic of the molecule structure of methylcyclopentadienyl(trimethyl)platinum
(MeCpPtMe3). The Pt atom is bonded to a methylcyclopentadienyl group and three methyl groups.

The beam parameters during EBID were selected depending on the application. For
critically small patterns, a low beam current (less than 1 nA) was used for optimal reso-
lution, while for larger patterns a high beam current (up to 24 nA) allows for much faster
deposition. The acceleration voltage was typically chosen at 5 kV. While beam currents
are chosen from a list of available spot sizes, the actual current often fluctuates between
experiments due to differences in alignment and aging of the electron source. The current
can be measured prior to deposition by use of a Faraday cup in the sample holder.

An optimization was performed to find the minimum electron dose at which EBID
seed layers can induce ALD growth, see Section 4.1. The resulting dose was found to be



CHAPTER 3. EXPERIMENTAL DETAILS 46

around 11 pC/µm2, but in practice typically a slightly larger dose around 15-30 pC/µm2

was chosen to account for fluctuations in beam current and precursor flux.

3.1.4 EBID of Pd

An attempt was made to deposit Pd seed layers by EBID using various precursors. Initial
experiments made use of palladium hexafluoroacetylacetonate (Pd(hfac)2), a precursor
typically used for Pd ALD (see Figure 3.4). However, due to a large fluorine contamination
in the deposits (which is not desirable for contacting CNTs) and non-local deposition,
different precursors were attempted, listed in Table 3.1.

O

O

F3C

F3C

O

O

CF3

CF3

Pd

Figure 3.4 – A schematic of the molecular structure of palladium(II) hexafluoroacetylacetonate
(Pd(hfac)2).

Table 3.1 – Various Pd precursors attempted for Pd EBID. Melting points are listed when available.

Precursor Synonyms Molecular formula Melting point (◦C)

Pd(II) hexafluoroacetylacetonate Pd(hfac)2 Pd(C5HF6O2)2 -
Pd(II) acetylacetonate Pd(acac)2 Pd(C5H7O2)2 200 - 251 [61]
Pd(II) acetate Pd(ac)2 Pd(OCOCH3)2 216.3 - 223.7 [61]
Pd(II) trimethylacetate Palladium pivalate C10H18O4Pd 230 - 232 [61]
Pd(II) benzoate Palladium benzoic acid C14H10O4Pd -

The GIS precursor reservoir was heated to various temperatures between room tem-
perature and 100◦C to obtain a higher precursor flux. The substrate stage was replaced
by a heating stage which allowed for EBID at elevated temperatures up to about 70◦C to
prevent precursor condensation.

3.1.5 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is a diagnostic technique, which detects X-
rays generated by local electron irradiation of some material. For this reason it can be
applied as an in situ diagnostic in electron beam systems which makes it a popular tech-
nique to study EBID deposits.
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In the DualBeam system, EDX measurements can be performed by irradiating material
by the electron beam, which allows it to probe microscopic features. The high energy
electrons are able to excite atoms in the material by ejecting electrons from inner shells.
Subsequently, relaxation to the ground state occurs through the transition of an electron
from the outer shell to the inner shell by emitting an X-ray photon. The energy of these X-
rays is characteristic for the material under irradiation, which allows compositional analysis
from an EDX spectrum.

Beside compositional analysis, under certain circumstances EDX can be employed for
thickness determination of i.e. films and EBID deposits. When the thickness of the deposit
is less than the penetration depth of the electrons in the deposit, the electrons are able
to penetrate through the deposit and into the substrate. X-rays are then generated inside
the deposit as well as the substrate. When the deposit thickness increases, the number
of X-rays originating from the deposit increases accordingly while the number of X-rays
from the substrate decrease (until the electrons no longer reach the substrate). This is
illustrated by an example spectrum in Figure 3.5(a). The ratio between intensities of the
deposit peaks and the substrate peaks is therefore a measure for the deposit thickness,
provided that the peaks in the spectrum can be correlated to either the deposit or the
substrate, which requires pure-element deposits.

(a) (b)

Figure 3.5 – (a) Example EDX spectra of Pt films deposited by ALD on Si substrates with a 400 nm
SiO2 toplayer. For increasing film thickness, the peaks originating from the Pt film increase while the
peaks originating from the substrate decrease. (b) Calibration curves for thickness determination by
EDX. The k-ratios are measured and plotted against the Pt film thickness (measured by spectroscopic
ellipsometry or estimated based on the number of ALD cycles).

Since platinum deposited with direct-write ALD is virtually pure (see Section 1.5),
the thickness of such deposits can be determined with EDX. First, the relative intensities
of peaks originating from the Pt deposit and peaks originating from the substrate are



CHAPTER 3. EXPERIMENTAL DETAILS 48

determined via so-called k-ratios. In the case of a silicon substrate for example, the ratios
are defined as:

KF =
Pt

Si+ Pt
(3.2)

KS =
Si

Si+ Pt
(3.3)

Here, Pt represents the integrated intensity of the 2.05 eV Mα Pt peak and Si represents
the integrated intensity of the 1.74 eV Kα Si peak.

The ratios KF and KS can be correlated to the thickness of a Pt deposit via a cali-
bration. The ratios are measured for Pt films of various thicknesses, and the results are
modeled as a function of the thickness T via [62]:

KF = 1− e−(AT+BT 2) (3.4)

KS = e−(CT+DT 2) (3.5)

Here, the fit parameters A and C correspond to attenuation of the electrons in the
deposit while fit parameters B and D correspond to backscattering effects. With the
resulting calibration curves, a measurement of the k-ratios can be used to determine the
thickness of the deposit under irradiation with an accuracy of about 1-2 nm. An example
of the calibration curves can be seen in Figure 3.5(b).

3.2 ALD setup: ALD-I

The setup used to perform ALD is shown schematically in Figure 3.6. The setup can be
used for both thermal and plasma-assisted ALD and consists of a stainless steel chamber
connected to a plasma source, several precursor and gas dosing systems and a pumping
system. The pump system consists of a rotary pump and a turbo-molecular pump capable
of pumping to a base pressure of < 10−5 mbar.

Several identical ports for precursor dosage are available, each consisting of a container
for the precursor connected to a common argon line such that argon can be used as a
carrier gas. The container and lines can be heated if desired to obtain adequate vapour
pressure and prevent the lines from clogging by condensed precursor.

A separate port is available for O2 dosing. A mass-flow controller (MFC) was used to
precisely control the O2 pressure.

The plasma source is an inductively coupled plasma (ICP) consisting of a copper coil
wrapped around a glass tube. The coil is connected to an automatic matching network and
a power source that can generate radio frequency plasmas with a typical power of 100 W.
Several gases such as H2 and O2 can be fed into the source. The source can be separated
from the deposition chamber by a gate valve to prevent deposition inside the glass tube.
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Figure 3.6 – A schematic side-view of the ALD-I setup, showing the main deposition chamber and
(heated) substrate holder, the plasma source, an in-situ spectroscopic ellipsometry system, the pump
unit and gas an precursor dosage systems.

The substrate holder can be heated resistively up to 500◦C. The temperature is mea-
sured by a thermocouple and controlled by a proportional-integral-derivative (PID) con-
troller. Beside the substrate, the chamber walls, valves and precursor supply lines are also
heated to around 80◦C to prevent precursor condensation and to reduce the sticking of
reaction products.

A in-situ spectroscopic ellipsometry (SE) system is present to investigate the film
growth during deposition. A source emits light that reflects from a substrate into a detec-
tor. During reflection, the polarization of the light changes and by optical modeling many
properties of the substrate (such as film thickness) can be determined. Valves isolate the
windows to the SE equipment from the deposition chamber and an SE measurements is
automatically started when the valves are opened.

The pressure in the deposition chamber is monitored by two pressure gauges. A gas
independent gauge (10−4 to 103 mbar range) was used to set the working pressure of the
gases, while the vacuum quality was monitored using a Pfeiffer Cold cathode and Pirani
combination gauge (5× 10−9 to 103 mbar range).

3.2.1 ALD of platinum

Pt film deposition by ALD was performed by using the thermal process initially developed
by Aaltonen et al. [30, 63] and adopted by Knoops et al. [64]. In this process, platinum
is provided by the MeCpPtMe3 precursor (Sigma Aldrich, 98% purity) in the first half-
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cycle, and O2 gas acts as the reactant gas in the second half-cycle. For deposition on
an as-deposited Pt film, the growth rate for typical conditions is 0.045 ± 0.005 nm/cycle
[30, 64]. The precursor is identical to the precursor for the Pt EBID process. This process is
especially suited for the direct-write ALD process because it relies on the catalytic activity
of Pt for the dissociation of reactants, which can be exploited to obtain selective growth
conditions.

The reaction mechanism was described in Frame II found in Section 1.5, while the
details of a typical ALD cycle and selective growth conditions are discussed below.

ALD cycle

The results of the thermal Pt ALD study of Knoops et al. [64] (which were performed in
the same ALD reactor described above) were the starting point for the ALD process. A
diagram of a typical ALD cycle can be seen in Figure 3.7(a), alongside a table with settings
for various parameters in Figure 3.7(b). The cycle consists of alternating exposure to the
MeCpPtMe3 precursor and O2 gas at a substrate temperature of 300◦C. Since this is a
thermal process and no plasma is used, the valve to the plasma source is always closed to
prevent deposition inside the glass tube. The MeCpPtMe3 precursor is dosed using Ar as
a carrier gas. The precursor container is heated to 30◦C (at which point the precursor is
liquid), and an Ar flow through the liquid carries MeCpPtMe3 vapour into the deposition
chamber. The valves to the container are typically opened for 3 seconds, after which the
Ar flow flushes the line. Any unreacted precursor molecules and reaction products are
evacuated from the chamber by a 3 second pump down. Subsequently, O2 gas is dosed
for typically 5 seconds to fully combust the precursor ligands on the surface. Since the
process is very sensitive to the O2 pressure (explained in the following sections), a mass-
flow controller (MFC) is used to precisely control the pressure of the stabilized O2 flow to
0.01 mbar. Finally, a 3 second pump step evacuates the reaction products of the second
half-cycle after which a new cycle can begin.

Selective growth conditions

As discussed in Frame II, Section 1.5, the reaction mechanism of thermal Pt ALD depends
on the catalytic activity of the as-deposited Pt film for dissociation of O2 molecules. With-
out a catalytic substrate, a higher O2 pressure is required to initiate the growth. This can
be exploited to develop a selective ALD process. While low O2 pressures inhibit the nucle-
ation on non-catalytic surfaces, under the same conditions growth occurs on as-deposited
Pt films. Figure 3.8 illustrates this by showing the growth delay for Pt deposition (number
of cycles after which growth starts) on two substrates: a Pt film and an Al2O3 substrate.
No growth delay is observed for deposition on the Pt film (indicating the growth starts
immediately), while for Al2O3 the growth delay steeply increases for decreasing O2 pres-
sure. An extremely long growth delay is obtained for O2 pressures below about 0.07 mbar.
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Figure 3.7 – (a) Graphic illustration of a Pt ALD cycle showing the timing of the precursor and
oxygen dosing, separated by pump times. (b) Typical settings employed for the thermal Pt ALD
process.

The catalytic activity of the Pt film allows Pt deposition for O2 pressures above 2× 10−3

mbar, while ALD only nucleates above about 7× 10−2 mbar on the Al2O3 substrate. The
region between these two pressures therefore forms a selective growth regime where depo-
sition is possible on an as-deposited Pt film but not on a oxide substrate. This selective
growth regime is used in the direct-write ALD process, where an O2 pressure of 0.01 mbar
is typically used.

3.2.2 ALD of palladium

The most common ALD processes for the deposition of Pd use palladium(II) hexafluo-
roacetylacetonate (Pd(hfac)2) as a precursor. Various reducing agents have been attempted
in the second half-cycle such as formalin, glyoxylic acid, hydrogen gas and hydrogen plasma
[65, 66, 67, 68]. A recurring problem in most Pd ALD processes is a slow nucleation on
non-catalytic substrates [68]. Similar to the catalytic activity of an as-deposited platinum
film in Pt ALD, catalytic activity is also required for Pd ALD especially when using H2

gas in the second half-cycle [65, 68]. The H2 gas is dissociated to more reactive H atoms by
the catalytic film. A Pd ALD process using H2 as the reactant gas is therefore expected to
be ideal for a direct-write ALD process of Pd. If Pd seed layers can be deposited by EBID,
then a Pd ALD process with H2 gas is likely selective by nature since the catalytic activity
of the Pd seed layers is required for the dissociation of H2. Therefore, the Pd process in
this work used the Pd(hfac)2 precursor and H2 as the reactant gas.
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Figure 3.8 – Growth delay as a function of the O2 pressure during the second half-cycle measured for
Pt ALD on an as-deposited Pt film (black) and on an Al2O3 substrate (red). For low O2 pressures,
there is no growth delay on as-deposited Pt (the growth starts immediately), while there is a very
long growth delay on the Al2O3 substrate (no growth observed even after 1200 cycles). Therefore,
due to the catalytic activity of the as-deposited Pt film, the O2 pressure can be chosen such that Pt
is deposited on as-deposited Pt films, but not on the (oxide) substrate, resulting in a selective growth
regime.

ALD cycle

A diagram of a typical thermal Pd ALD cycle can be seen in Figure 3.9(a), alongside a
table displaying the settings for various parameters in Figure 3.9(b). The cycle consists of
alternating exposures to Pd(hfac)2 and H2 gas at a substrate temperature of 100◦C. Similar
to the Pt ALD process, the Pd(hfac)2 precursor dosing is assisted by using Ar as a carrier
gas. The precursor container is heated to about 50◦C while the lines are heated slightly
more at around 65-70◦C to prevent precursor condensation in the lines. The valves to
the precursor container are opened for 10 seconds during which the argon (which remains
flowing for 3 seconds after closing the valves) carries precursor vapor into the deposition
chamber. During a 3 second pump time any unreacted precursor molecules and reaction
products are evacuated from the chamber. Subsequently, in the second half-cycle H2 gas
is dosed for 5 seconds at a pressure of about 0.01 mbar to remove precursor ligands and
prepare the surface for the next cycle. Between cycles, a 10 second pump down ensures
that any reaction products are evacuated.
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Figure 3.9 – (a) Graphic illustration of a Pd ALD cycle showing the timing of the precursor and
hydrogen dosing, separated by pump times. (b) Typical settings employed for the thermal Pd ALD
process.

3.3 Purification of carbon nanotubes

Single-wall carbon nanotubes produced by various methods such as laser ablation (used
in this work) and arc-discharge evaporation typically yield a powder containing many
impurities, such as metallic catalyst particles, multi-walled carbon nanotubes and other
forms of carbon. The powder needs to be purified to obtain clean and predominantly
single-walled carbon nanotubes.

Purification was performed following the recipe of Chandra et al.[69]. A nanotube
powder obtained after laser ablation is mixed with a solution of 1% sodium dodecyl sulphate
(SDS). Typically about 5 mg of nanotube powder was mixed with 10 mL of 1% SDS in a
small glass bottle. The solution was then sonicated in order to untangle the tubes from
each other and from the impurities. Sonication was first performed for 1 hour in a high
power horn sonicator (at an amplitude of 50%) and subsequently in a bath sonicator for
30 minutes.

The resulting solution was then centrifuged in a Beckman Coulter Optima L-90K ultra
centrifuge at 10,000 rpm for 1 hour. The heavy impurities sink to the bottom and stick to
the centrifuge tube, while the supernatant was collected (using a glass pipet) and divided
amongst two new centrifuge tubes. A density gradient (60% iodixanol solution) was layered
underneath the collected solutions, after which a second centrifuge step was performed at
41,000 rpm for 18 hours. The density gradient produces a small band of single-walled
carbon nanotubes near the middle of the tube, which was collected with a glass pipet.
This process typically yields about 2 mL of highly concentrated SWCNT solution, which
was then further diluted by a factor 5 to 30 (depending on the requirement) using the
1% SDS solution. Finally, the diluted solution was sonicated for 10 minutes in a bath
sonicator, after which it is ready for dispersion.
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3.3.1 Dispersion of SWCNT

The concentrated SWCNT solution was dispersed onto substrates by spin-coating. Ap-
proximately 80 µL of the solution is placed on 1.5 x 1.5 cm substrates after which it was
spin-coated for 1 minute at 2000 rpm. The result is a rainbow colored film of material with
single-walled carbon nanotubes dispersed uniformly across the substrate. The rainbow col-
ored film, a residue of the SDS solution and iodixanol density gradient, was removed by
briefly submerging the substrates in water after which they were dried using a gentle flow
of nitrogen.

3.4 CNTFET contacts by direct-write ALD

In order to fabricate carbon nanotube field-effect transistors (CNTFETs) by direct-write
ALD, suitable contact structures must be deposited over semiconducting, single-walled
carbon nanotubes. Two approaches can be taken to ensure that the contacts hit the rather
small CNTs: (1) manual alignment of the contacts on a CNT or (2) blind deposition1 of
many contact patterns on a sample with randomly dispersed CNTs.

Manual alignment of the contacts on a CNT can be performed for example by finding
a suitable CNT via SEM and aligning the pattern such that the contacts overlap the CNT.
While this approach allows for exact positioning of the contacts, a major drawback is that
the CNTs are difficult to image and the alignment may take a relatively long time, during
which the entire CNT is irradiated continuously by electrons. It turns out that imaging
of a CNT has catastrophic consequences to its electronic properties (as shown in Section
2.5) so this method of alignment is not an option for device fabrication. Alternatively,
alignment methods can be used that do not damage the CNT. For example, AFM could
be used to record the location of CNTs relative to markers on the substrate.

The second approach is the blind deposition of many patterns on a substrate with
randomly oriented CNTs. The CNT density can be optimized to give each pattern a chance
of contacting a single CNT. Naturally many patterns will not form CNTFET devices due to
not contacting a CNT, or by contacting multiple CNTs at the same time, or by contacting
a metallic CNT (recall that about one in three CNTs is metallic). In order to fabricate
enough devices for statistical analysis of their properties, a large number of patterns must
be deposited.

In this work both approaches were attempted, but manual alignment (via SEM) was
unsuccessful. Due to the difficulty of imaging the CNTs, proper alignment required long
imaging at high magnifications which buried the CNTs in carbon (deposited from residual
background gas) and likely damaged them. The blind deposition of as many patterns as
possible was thus the approach of choice. Using FEI Company’s NanoBuilder software
(specialized ion and electron beam patterning software), many pattern seed layers can be

1Without SEM imaging of the substrate prior to deposition.
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deposited by EBID in an automated overnight process in a regular array by moving the
substrate stage to a new location after each deposition. The seed layers can then all be
simultaneously built into the desired thickness and material quality by 500 cycles of ALD.

3.4.1 Pattern design

Two patterns for CNTFETs were designed over the course of this work. Besides the
fabrication of transistors (which only require two contacts: a source and a drain), the
pattern was designed with potential contact resistance measurements in mind (which will
be explained in Section 3.6.2). The first pattern shown in Figure 3.10 therefore has four
contacts to allow for four-point probe measurements.

Figure 3.10 – Schematic illustration of a pattern definition for CNTFETs with four contacts. A
close-up of the small contacts (middle section of the pattern) is shown on the right. The channel
lengths from left to right (in µm) are: a = c = 0.75, b = 0.95.

An extension of this pattern was developed into a pattern with six CNT contacts, shown
in Figure 3.11. The left four contacts are symmetrically placed to allow for four-point probe
measurements, while the two additional contacts are patterned at different channel lengths
for a total of four different channel lengths. Provided that the contacted CNTs are long
enough to span all six contacts, this allows for the application of the transmission line /
transfer length method (TLM) to extract the contact resistance. The CNT contacts are
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connected to 75× 75µm large pads which are large enough to be contacted by macroscopic
needles to apply voltages and currents through the device.

Figure 3.11 – Schematic illustration of a pattern definition for CNTFETs with six contacts. A close-
up of the small contacts (middle section of the pattern) is shown on the right. The channel lengths
from left to right (in µm) are: a = 0.45, b = 0.60, c = 0.45, d = 0.80, e = 1.0.

Each pattern consists of two layers. The critically small contacts are patterned first,
using EBID settings (acceleration voltage and beam current) capable of patterning such
small dimensions. The contact dimensions as well as the patterning settings were deter-
mined by various experiments, which will be described in Section 4.2. The remaining parts
of the pattern (large pads and connections) make up the second layer. Since the dimensions
are not critical in this layer, deposition settings are chosen for high throughput and (as a
consequence) lower resolution. The beam current was chosen as high as possible (typically
13 or 24 nA) resulting in a large spot size and therefore reduced amount of patterning
pixels. The acceleration voltage is not as important for throughput considerations, and
was kept the same as for the small contacts2. A single pattern seed layer is deposited in

2The electron beam alignment is typically not exactly the same for different acceleration voltage settings.
Switching between voltages may therefore introduce a shift in the image in which case the two layers will
not align to each other.
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about 1 minute, such that almost 103 patterns can be deposited overnight3, completely
covering a substrate more than 2 cm2 in size.

3.5 CNTFET contacts by conventional processing

In order to verify that the carbon nanotubes used in this work are suitable for forming
transistors, CNTFETs were fabricated by conventional patterning by EBL and metalliza-
tion by evaporation. Substrates containing dispersed carbon nanotubes are covered by a
poly(methyl methacrylate) (PMMA) resist layer, into which many contact patterns are
patterned by EBL. The resist layer is developed after which a thin Ti layer (0.5 nm) is
evaporated onto the substrates, which acts as an adhesion layer for the palladium. Then,
15 nm of Pd is evaporated on top, followed by another 15 nm of Au, which protects the
soft Pd from damage by the probe needles during measurements. Since the Ti layer is very
thin and the Au layer is deposited on top of the Pd, the contact properties are mostly
determined by the Pd. Finally, the remaining resist and excess metal is removed (lift-off)
by chemical processing in acetone at 70◦C.

3.6 Electrical characterization of CNTFETs

The samples containing CNTFET devices were sent to the Birck Nanotechnology Center at
Purdue University in West Lafayette, Indiana for electrical characterization. The output
and transfer characteristics were measured using a Lake Shore probe station (model CPX-
VF), which consists of a sample stage in a vacuum chamber (10−6 mbar) with four micro-
manipulated probe arms.

A typical measurement setup is shown in Figure 3.12. The devices in this work use a
back gate configuration, where a p-doped silicon wafer acts as the gate electrode, which is
electrically isolated from the CNT by a thin gate dielectric (10 nm SiO2 typically). The
drain and source contacts are deposited over the CNT through which a drain-source voltage
Vds is applied across the CNT. The gate voltage Vgs is applied to the substrate holder which
is in direct (electrical) contact with the doped silicon substrate. The current Id between
drain and source is measured. Measurements are performed in vacuum.

3.6.1 Output and transfer characteristics

The output and transfer characteristics of CNTFET devices were introduced in Section
2.4.1. The output characteristics (also referred to as Id - Vds curves) of a CNTFET device
illustrate how the drain current Id behaves as a function of the drain-source voltage Vds. A
constant gate voltage Vgs is applied, and Id is measured while sweeping Vds in small steps

3In practice this number was halved by a bug in the patterning software which paused the deposition
for another minute after each deposition.
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Figure 3.12 – Schematic illustration of the electrical characterization measurement setup for a back-
gated CNTFET device. A drain-source voltage Vds can be applied over the CNT via the drain (D)
and source (S) contacts while a gate voltage Vgs can be applied to the back gate (G), which is just the
doped silicon substrate.

between two values. The transfer characteristics of a CNTFET device illustrate how the
drain current Id varies as a function of the gate voltage Vgs. The transfer characteristics
are measured by applying a constant drain-source voltage Vds and then measuring Id while
sweeping Vgs in small steps.

The gate voltage above which the device is said to turn ’on’ is referred to as the
threshold voltage Vth. The threshold voltage can be determined by plotting the transfer
characteristics on a linear scale and extrapolating the linear response (when the device is
fully ’on’). The threshold voltage is defined as the gate voltage where this extrapolation
intersects the Vgs axis. After determining the gate voltage, the on-current Ion can be
determined. In an effort to minimize uncertainty in the measurement between different
devices, the on-current is typically defined as the current at a fixed gate overdrive |Vgs−Vth|.
In this work, on-currents are determined at a gate overdrive of 0.5 V 4. The off-current on
the other hand is just the minimum current measured. Finally, the subthreshold swing SS is
determined by plotting the transfer characteristics on a logarithmic scale. The subthreshold
swing is defined as the inverse of the slope of the subthreshold region (Vgs > Vth for p-
type, Vgs < Vth for n-type). The methods to determine the threshold voltage Vth, the
on-current Ion and the subthreshold swing SS are illustrated in Figure 3.13, where the
transfer characteristics of a CNTFET are plotted both in a linear and a logarithmic scale.

4For a p-type transistor this means a negative gate voltage 0.5 V below the threshold voltage, while for
n-type transistors the gate voltage is 0.5 V above the threshold voltage.
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Figure 3.13 – Determination of the threshold voltage Vth, the on-current Ion and the subthreshold
swing SS. The transfer characteristics of a CNTFET device are plotted in linear (red circles) and
logarithmic (blue diamonds) scale, with a common Vgs scale. The threshold voltage is determined
by extrapolating the linear part of the I − V curve where the device is fully ’on’. The on-current
is determined at 0.5 V below the threshold voltage. The subthreshold swing is determined from the
logarithmic plot. The CNTFET for this data was fabricated with a conventional EBL process followed
by evaporation of Pd contacts.

3.6.2 Contact resistance

As discussed in Section 2.2.3, the total resistance of a carbon nanotube can be expressed
as the sum of channel resistance and contact resistance. For a typical measurement of the
electrical properties, a voltage is applied across two contacts and the current through the
same contacts is measured. The resistance obtained from such a measurement inevitably
measures the contact resistance, channel resistance and even the resistance in the metal
leads (lead or wire resistance, which is however easily corrected for). It is therefore not
possible to measure the channel or contact resistance separately.

In order to obtain more information on the contact resistance, two common measure-
ment techniques are used which allow extraction of the contact resistance: four-point probe
and transfer length method measurements.
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Four-point probe

In a four-point probe measurement, a current is sent through the device under investigation
(in this case a carbon nanotube) via two contacts, while the resulting voltage drop is
measured via two separate contacts, see Figure 3.14. The contacts that measure the voltage
are designed to have a high impedance such that no measurable current will flow through
them. The voltage drop measured therefore includes just the channel resistance and does
not contain contact or lead/wire resistance.

CNT

I

V

Figure 3.14 – Schematic illustration of the principle of a four-point probe measurement. A current is
sent through the outer contacts while the inner contacts measure the voltage drop excluding contact
resistance.

After correcting for lead/wire resistance, the total resistances thus measured by four-
point probe R4pp and two-point probe R2pp (a regular measurement with two contacts) are
given by:

R4pp = Rch

R2pp = Rch + 2Rc

Finally, the contact resistance 2Rc can thus be obtained by simply subtracting the
four-point probe resistance from the two-point probe resistance.

Transfer length method

The transfer length method (TLM, sometimes referred to as transmission line method) is
another technique to extract the contact resistance. The principle of a TLM measurement is
a number of consecutive two-point probe measurements (measuring the channel and contact
resistance) at various channel lengths. The total resistance measured can be plotted against
the channel length. Recalling that the total resistance scales linearly with channel length,

Rtot(Lch) = Rch(Lch) + 2Rc

then the resistance can be extrapolated to zero channel length to yield the contact resis-
tance: Rtot(0) = Rch(0) + 2Rc = 2Rc.

The TLM method is schematically depicted in Figure 3.15. The measurements at
different channel lengths should ideally be executed on the same device (the same nanotube)
to account for differences in device characteristics.
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Figure 3.15 – (left) Schematic illustration of a transfer length method (TLM) measurement to extract
contact resistance. Total resistance (including contact resistance) is measured between consecutive
contacts at different channel lengths. (right) The resistance is plotted against the channel length and
extrapolated to zero channel length to obtain the contact resistance.



Chapter 4

Optimization of direct-write ALD
of Pt for the deposition of CNT con-
tacts

In this chapter, the results on the direct-write ALD process of platinum are described.
First of all, the electron dose during EBID is optimized to yield an optimum seed layer.
Then, optimal settings for the deposition of the contact width and distance are investigated
to obtain better control over the dimensions and prevent neighboring contacts from short-
circuiting.

4.1 Electron dose optimization

During the EBID seed layer deposition of the contacts on a carbon nanotube, the electron
beam must scan directly over a nanotube which could potentially damage it (Section 2.5).
In order to minimize this electron beam damage, the electron dose must be chosen as small
as possible while still high enough to induce ALD growth. Furthermore, because the EBID
deposition time scales directly with electron dose, also the deposition time is shortened for
smaller doses.

As explained in Section 3.2.1, a catalytic surface for dissociative chemisorption of oxygen
is required for ALD growth to initiate. The EBID seed layers consist of a carbon matrix
containing Pt grains [27]. These Pt grains are able to catalyze the ALD reaction, but
the large amount of carbon around them is likely an inhibiting factor in the nucleation.
For thick seed layers, the amount of Pt is enough to induce ALD growth without much
nucleation delay. For thinner seed layers (lower doses) however, there is a significant
nucleation delay resulting in much thinner deposits (or even no growth at all) after the
same amount of ALD cycles. As a result, relatively high electron doses of 1 nC/µm2 were
found to be required for the direct-write ALD process.

In an effort to reduce the electron dose, an attempt is made to start ALD growth
on thinner seed layers. Since the carbon is likely inhibiting nucleation, an improvement
might be seen by removing the carbon from the seed layers before ALD and uncovering
the catalytic Pt grains. This kind of purification of structures deposited by EBID has
been performed for example by Botman et al.[28] by exposing thick deposits to molecular

62



CHAPTER 4. OPTIMIZATION OF DIRECT-WRITE ALD 63

oxygen at elevated temperatures. A purity improvement from 15 at.% to nearly 70 at.%
has been achieved by this O2 treatment at a substrate temperature of 300◦C. Apparently
oxygen is able to burn out much of the carbon from the deposits.

Removing the carbon from the seed layers by this O2 treatment may help uncover
enough Pt grains to induce ALD growth in thinner seed layers. Recalling that the thermal
Pt ALD process makes use of O2 gas at a substrate temperature of 300◦C, which is also the
temperature at which Botman et al. obtained the best results, it makes sense to perform
this O2 treatment at this same temperature in the same ALD-I reactor (described in Section
3.2) just before starting the ALD process. Using a mass flow controller (MFC) a steady
oxygen flow keeps the pressure at 1 mbar.

The dose optimization was performed by depositing square seed layers of 5×5 µm with
various electron doses, as shown in Figure 4.2(a). The squares were deposited using an
acceleration voltage of 5 kV and a beam current of 1.6 nA. AFM measurements were
employed to measure the thickness of each seed layer, from which also the yield Y for the
EBID process can be determined. Then, the carbon was removed from the seed layers
by exposing the samples to 1 mbar of O2 for 5 minutes at 300◦C. Immediately after this
oxygen treatment, 500 cycles of area-selective ALD were performed.

The substrates used in these experiments were crystalline silicon (c-Si) with a toplayer
of 50 nm ALD deposited Al2O3.

4.1.1 Results

Figure 4.1 shows the results of the AFM measurements of various seed layers before O2

treatment. It was found that seed layers that received less than about 500 pC/µm2 were
so thin that a reliable AFM measurement of their height was difficult. The thicker seed
layers however are found to be several nanometers high, and using a linear fit (constrained
through the origin) a yield of Y = (1.6± 0.1)× 10−3 µm3/nC is found. In terms of volume
per primary electron, the yield is (2.6±0.2)×10−4 nm3/electron. For a beam current of 1.6
nA furthermore this results in a volume growth rate of (2.6± 0.2)× 106 nm3/s. The yield
is in the same order of magnitude as found in literature [6, 24, 70], where discrepancies are
because the yield is affected slightly by acceleration voltage, beam current and precursor
flux.

While the seed layer thickness is linear in electron dose for relatively thick structures,
this may not be true for very thin seed layers. It is possible that the growth rate of the
initial deposition on a clean substrate is high and then decreases once some material has
been deposited. Once a thin seed layer has formed, the growth rate may decrease because
the number of backscattered and secondary electrons per primary electron (as well as the
size of the interaction volume) may decrease, which is consistent with the fact that the
seed layers appear darker than the substrate during SEM imaging. Extrapolating the yield
as a constant down to the thinnest seed layers (which we were not able to measure with
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(a) (b)

Figure 4.1 – (a) The seed layer thickness as measured by AFM as a function of electron dose. The
linear fit gives a yield of Y = (1.6±0.1)×10−3 µm3/nC. (b) Typical AFM image (square F1) including
cross-section from which the height was determined.

AFM) may therefore not give an accurate measure of the thickness.

After O2 treatment and 500 ALD cycles, the resulting deposits were imaged by SEM
to check which seed layers were thick enough to nucleate ALD growth, and whether the
resulting film is closed. Furthermore, energy-dispersive X-ray spectroscopy (EDX) was
employed to estimate the final thickness of each deposit, as described in Section 3.1.5.

In Figure 4.2(b), a SEM image of the sample after ALD is shown. The effect of electron
dose can clearly be seen. For very low doses up to about 1 pC/µm2, the ALD growth has
not started after 500 cycles. For slightly higher doses up to about 5-6 pC/µm2, some ALD
growth is visible in the form of Pt islands, as shown in Figure 4.3(a).1 These dose values
however are insufficient for obtaining a closed Pt film.

On the other hand, for a higher dose of around 1000 pC/µm2 and higher (note that 1000
pC/µm2 is the minimum required dose without oxygen treatment), a halo of Pt islands
forms around the intended deposit, see Figure 4.3(b). These halos are caused by secondary
and backscattered electrons emerging from the interaction volume (which is larger than
the intended square). These electrons cause a very thin deposition around the square. For
high doses however, even this layer can become sufficiently thick to induce ALD growth.

1The bright spots on the top-right corner of every square are caused by a glitch in the DualBeam system
during EBID. While the electron beam is not patterning it is blanked and parked in the top-right corner
of the pattern. For unknown reasons the blanking was unsuccessful resulting in a spot deposit.
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Figure 4.2 – Overview of the pattern of squares deposited for electron dose optimization. (a) A
schematic overview naming each square. The electron dose for each square is indicated in units of
pC/µm2. (b) SEM image after 500 cycles ALD clearly showing the effect of increasing electron dose.

The dose at which the halos start to induce ALD growth is also decreased by the oxygen
treatment, so that without this treatment halos are only visible at much higher doses.
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Figure 4.3 – (a) A close-up of square B3 shows the effect of a dose that was not sufficient to form
a closed Pt film after 500 ALD cycles. (b) A similar close-up of square F5 shows the effect of an
overdose: a large halo of Pt islands forms around the intended deposit. (c) Square C5 which received
an optimal dose of around 11.5 pC/µm2. The Pt forms a closed film without any halo around the
intended area. (d) The total thickness after ALD as a function of the received electron dose, the line
serves as a guide to the eye. The seed layer thickness boefre O2 treatment as measured by AFM from
Figure 4.1(a) are also plotted on the same thickness scale. The dashed line indicates the linear fit (on
a logarithmic scale).

Clearly, the electron dose should be sufficient to initiate ALD growth, but should not
be too large in which case secondary electrons cause ALD growth around the intended
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area. The range of optimal electron dose therefore is around 10 to 100 pC/µm2. A typical
square with a dose of ∼ 11.5 pC/µm2 (square C5) is shown in Figure 4.3(c).

Assuming that a constant yield of 1.6 × 10−3 µm3/nC is valid even for the thin seed
layers, the seed layer thickness at 10 pC/µm2 is then only about 0.016 nm. Recalling
furthermore that the EBID material consists of 15 at.% Pt [28] (or 23% Pt in volume),
this would equal only about 0.02 monolayer of Pt! However, as mentioned earlier, the
extrapolation of the yield down to lowest dose values may not be accurate and the seed
layers may be thicker than calculated here. It is unlikely that ALD growth can initiate
without a significant nucleation delay on such a low amount of Pt clustered in islands,
since the islands first have to coalesce into a closed film before layer by layer growth can
be achieved. Therefore it is expected that the seed layers are thicker than calculated.
However, the seed layer are at least less than 0.5 nm, which is the thinnest seed layer that
could be measured by AFM and received a dose of more than 400 pC/µm2. Transmission
electron microscope (TEM) samples are underway to verify the amount of material in the
thinner seed layers.

Finally, the total thickness (after ALD) is plotted as a function of the electron dose for
various squares in Figure 4.3(d). This curve exhibits some general behavior which can be
divided into four distinct stages:

1. For electron dose values less than 3 pC/µm2, the dose was insufficient to create a
high enough density of Pt islands on the substrate to induce ALD growth. No growth
is observed until a certain minimum dose.

2. Once the seed layer is sufficiently thick, ALD growth can initiate and the thickness
increases quickly with electron dose. The surface consists of Pt islands which first
have to coalesce into a film before constant layer-by-layer growth is achieved, and
with higher electron dose, more Pt islands are present which coalesce more quickly.

3. Once enough Pt islands are present, layer-by-layer growth can start fairly quickly
without much nucleation delay. At this point the total thickness is dominated by the
ALD growth and the (still thin) seed layers do not contribute much to the thickness.
The curve levels out with the thickness close to the expected nominal ALD thickness
after 500 cycles, almost independent of the electron dose.

4. Eventually the thickness of the seed layers themselves start dominating the thickness
increase by ALD. The seed layers can no longer be considered two dimensional and
most of the total thickness is due to the seed layer, causing the thickness to rise
steeply.

By comparing these results with a similar experiment where no oxygen treatment was
employed, it becomes clear that the oxygen plays a crucial role in lowering the required
electron dose (and thus EBID deposition time), see Figure 4.4.
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Figure 4.4 – The total thickness as a function of electron dose for results obtained in this work (red)
as well as result obtained previously where no oxygen treatment was employed (blue). The lines serve
as guides to the eye. Also shown are the AFM measurements of the seed layer thickness on the same
scale and a linear fit extrapolated down to the thinnest seed layers.

The total thickness for the experiment without oxygen treatment shows the same be-
havior and the same four stages as before. However, stages 1 and 2 are shifted up to a
much higher dose: the minimum dose required to induce ALD growth quickly without a
substantial nucleation delay is almost a factor 100 higher. Clearly, by not removing the
carbon from the seed layers, a higher dose (thicker seed layer) is required for ALD growth
to initiate. By exposing the seed layers to oxygen the nucleation delay can be prevented
and the electron dose (and patterning time) can be lowered by a factor 50-100. Finally, the
thickness increase in the final stage is very similar for the two processes. The seed layer
thickness also follows this same trend in the last stage which confirms that the thickness
there is dominated by the seed layer thickness.

The minimum dose is around 10-11 pC/µm2, but acknowledging potential fluctuations
in beam current, focus (beam diameter) and precursor gas flux, the typical dose that will
be used in future experiments is slightly higher at 15 pC/µm2.

A comparison with electron beam lithography (EBL) can be made by at this point.
A direct comparison is difficult because the electron dose required for EBL depends on
the type of resist used. Resists are continuously developed to improve their sensitivity
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(minimum required electron dose). Depending on the resolution required, some resists such
as metal fluorides (AlF3, MgF2) lack sensitivity and require doses greater than 1 C/cm2

= 105 pC/µm2. At the same time however, chemically amplified resists (CAR) can be
chemically tailored for increased sensitivity and only require doses less than 10 µC/cm2 =
0.1 pC/µm2 [71]. However, the most common sensitivities found in literature (for example
for PMMA, HSQ (hydrogen silsesquioxane) and Calixarene resists) [72, 73, 71, 74, 75] range
in the order of 1-10 mC/cm2 = 10-100 pC/µm2, which is the same order of magnitude as
the dose required for direct-write ALD.

In conclusion, the electron dose required for the deposition of sufficiently thick EBID
seed layers to induce ALD growth can be reduced by a factor 50-100 by exposing the seed
layers for 5 minutes to 1 mbar O2 at 300◦C. The minimum dose at which ALD growth can
nucleate with this method is around 10-11 pC/µm2. This dose is comparable or less than
common doses found in literature for EBL processes.

4.2 Contact size optimization

As indicated in Sections 2.2.3 and 2.3, the dimensions of and distances between the contacts
in a CNTFET are important parameters. The channel length (distance between source and
drain contact edges) can be scaled down to nanometer scale without short-channel effects,
but scattering by acoustic phonons causes an increased resistance and lower saturation
current for channels longer than about 100 nm [44]. The contact length (length along the
CNT covered by the metal contact) however should not be scaled as small as possible, since
the contact resistance is inversely proportional to the contact length, which becomes sig-
nificant below roughly 100 nm [44]. In practice, there will be a trade-off between extremely
scaled dimensions and CNTFET device performance.

The deposition of small contacts by direct-write ALD faces a number of problems. First
of all, even though the spot size of the electron beam is only a few nanometers, the in-
teraction volume from which secondary and backscattered electrons emerge can be much
larger, which broadens the contacts (possibly beyond the intended dimensions). Further-
more, contacts are also expected to broaden by ALD (on both sides). The EBID settings
and pattern definition must therefore be optimized to yield the desired contact length after
ALD.

A second challenge is the patterning of contacts in close proximity, illustrated in Figure
4.5. An individual contact will merely broaden due to deposition by the secondary electrons,
and a certain distance from the patterning position the dose of secondary electrons is no
longer enough to induce ALD growth. With contacts in close proximity however, the area
in between the contacts receives a dose of secondary electrons from both line depositions,
and the contribution of both contacts might be enough to induce ALD growth between the
contacts, causing them to short-circuit.
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Figure 4.5 – Schematic illustration (cross-sectional side-view) of the short-circuiting of contacts in
close proximity. (a) EBID seed layer thickness as intended shown in dark green, while unintended
deposition by secondary electrons is shown in a lighter shade. The minimum seed layer thickness
required for ALD growth is indicated. In between contacts, both contacts contribute to the unintended
dose. (b) Deposit shape after ALD. In between contacts, the double contribution of unintended dose
can induce ALD growth which causes the contacts to short-circuit. (c) Deposit shape after more ALD
cycles showing broadening by ALD.

Due to these problems, the expectation is that the final size of the contacts, in par-
ticular the contact length, will not be equal to the size of the defined EBID pattern. An
optimization must therefore be performed to find the best combination of EBID settings
and pattern definition that yields the desired contact and channel length after ALD.

The contact size optimization was performed by depositing series of 10 µm long lines
(which represent part of the contacts) with various widths. The line widths were first
defined between 100 and 300 nm, aiming for a contact length after ALD between 200
and 300 nm. The lines were all patterned with a single pass of the electron beam and
the dwell time for each patterning pixel was set such that the required electron dose was
reached. Each set consists of two lines patterned close to each other in order to study
the effect of patterning in close proximity. Various line widths and distances between the
lines were investigated to find the combination that yields the best results. Note that
the terms line width and distance refer to the pattern definition, while the terms contact
length and channel length refer to the dimensions after ALD, which could be significantly
different. For clarity, Figure 4.6 defines the terms line width, line distance, contact length
and channel length as used in this section.

The substrates used in these experiments were crystalline silicon (c-Si) with a toplayer
of 10 nm SiO2. These substrates were chosen because the same substrates were used for
the fabrication of CNTFET devices described in Chapter 5.
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Figure 4.6 – Schematic illustration to clarify the difference between line width and contact length,
and the difference between line distance and channel length. Line width and distance refer to the EBID
pattern definition, while contact and channel length refer to the actual dimensions after ALD, which
are the relevant measurements for CNTFETs and which could differ significantly from the pattern
definition due to broadening.

4.2.1 Results

Figure 4.7 shows an overview of pairs of lines deposited at various distances from each other
(between 50 nm and 1 µm), including close-ups. The lines were patterned using a high
acceleration voltage of 30 kV and a small beam current of 22 pA, both of which should help
to keep the spot size of the beam small. The electron dose was 10 pC/µm2. The pattern
was defined having a line width of 200 nm, but the contact length after ALD is more than
300 nm as can be seen in the close-ups, which indicates that significant broadening has
occurred. Furthermore, the effect of patterning the lines in close proximity is clearly visible.
The extended range of secondary electrons can be seen from the formation of Pt islands on
either side of the pair of lines, relatively far from the lines. While only a small number of
Pt islands can be seen on either side, a dose of secondary electrons from both lines causes
the number of islands in between the lines to be significantly higher. The islands may form
a conductive path between the contacts which would cause short-circuiting of the device.

The lines deposited so far are actually defined in the patterning software as rectangles
with a width of 200 nm. In an effort to reduce the broadening of the lines, the patterns
were changed to actual line depositions of zero-width lines2. The secondary electrons have
a range much larger than the spot size of the electron beam however and will spread over
a large area, so the deposited line will still broaden significantly (the contact length will
be much larger than the spot size of the beam). To keep the seed layers thick enough
therefore the dwell time (and thus the primary electron dose) of each pixel is increased to
compensate for the decrease in dose.

Furthermore, in order to reduce the amount of small Pt islands (especially between
the contacts), the acceleration voltage was reduced from 30 kV to 2 kV. This decision was
motivated by Monte Carlo simulations [26] of an electron beam with a beam radius of 10

2While the patterning software did not have the capability for zero-width lines, this was realized by
defining the lines as only 15 nm wide which ultimately results in the same conditions.
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Figure 4.7 – SEM image of a series of line pairs deposited by EBID after 500 cycles Pt ALD,
including close-ups of two pairs indicated by the arrows. The distance between the lines (as defined
in the pattern) are shown above each pair. The lines were patterned having a width of 200 nm, yet
broadening effects cause the contact length after ALD to be more than 300 nm. Furthermore, small
Pt islands are observed relatively far from the lines, with a much higher density in between the lines
due to patterning in close proximity. Some contamination of the wafer can be seen in the form of
circular marks which is likely a carbon residue of a photoresist used during etching of the SiO2 from
the wafer backside. XPS was employed on a substrate with similar contamination and no impurities
beside carbon were found.

nm penetrating a silicon substrate with 10 nm SiO2. An example of such a simulation
can be seen in Figure 1.8(b). The trajectories of forward and backscattered electrons are
simulated and the range of backscattered electrons can be visualized by plotting the count
of backscattered electrons emerging from the top surface as a function of the distance from
the primary electron beam target. In Figure 4.8, the results are shown for a total number
of 50,000 electrons, simulated for acceleration voltages of 1, 2, 5 and 30 kV.

The simulation clearly shows that a lower acceleration voltage reduces the range of
backscattered electrons. For 30 kV, backscattered electrons are capable of reaching the
surface at a huge distance of more than 6 µm from the intended pattern, while this is
reduced to only 80 nm for 2kV and 40 nm for 1 kV. This reduced range of BSEs may
translate to less broadening and more importantly less Pt islands beyond the intended
pattern. An acceleration voltage of 2 kV was chosen because the electron beam could not
be focused sufficiently at lower acceleration voltages.

Figure 4.9 shows a new deposition where the lines are defined as line depositions instead
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Figure 4.8 – Simulated range of backscattered electrons from an electron beam penetrating a silicon
substrate with 10 nm SiO2 for various acceleration voltages. The graph shows the number of backscat-
tered electrons emerging from the substrate at a particular distance (radius) from the primary electron
beam target. Note the logarithmic scale of the distance.

of area depositions with a non-zero line width. Four lines were patterned per set instead
of two, because the CNTFET patterns for which these experiments are intended will have
four (or more) contacts in close proximity, see Section 3.4. Due to the effects described in
this section, the middle pair of contacts might receive a larger dose of secondary electrons
which may cause them to grow wider than the outer contacts and will influence the device
performance. By patterning sets of four contacts this effect can be investigated and po-
tentially corrected for (for example by patterning the middle contacts with a slightly lower
dose). The EBID settings were changed to use an acceleration voltage of 2 kV and a cur-
rent of about 63 pA. The change to zero line width patterns is accounted for by increasing
the dwell time of each pixel from 1 µs to 200 µs.

Two close-ups of the indicated sets of contacts are shown in the same figure. In the
left close-up, the lines were patterned too close together, in which case islands and pos-
sible short-circuiting are still observed. The right close-up shows a successful set of four
individual lines without any islands between the lines. The contact length is about 250
nm, indicating that the lines have broadened up to the desired contact length without
short-circuiting or the formation of small islands between the lines.
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Figure 4.9 – SEM image of a set of quadruple line depositions by direct-write ALD. The lines are
patterned as actual line depositions instead of wide rectangles, but various effects broaden them to the
desired contact length of 200-300 nm. The distances shown for each set in this case are the center-center
distances between the two lines (as defined in the pattern) instead of the edge-edge distance, since
they are patterned as zero-width lines. Two close-ups of sets indicated by the arrows are included.

In conclusion, contacts with the desired contact length can be deposited in close proxim-
ity by direct-write ALD by patterning them as zero width lines instead of wide rectangles.
In order to avoid the formation of small Pt islands, especially between the contacts, an
acceleration voltage of 2 kV is used which reduces the range of backscattered and secondary
electrons.



Chapter 5

Fabrication of CNTFETs

This chapter describes the fabrication and characterization of carbon nanotube field-effect
transistors (CNTFETs). First, the dispersion of carbon nanotubes from a purified solution
is discussed. Then, in order to verify that the carbon nanotubes are not too defective or
otherwise incapable of forming transistors, conventional patterning by EBL and metalliza-
tion by evaporation of Pd was employed to characterize the carbon nanotubes. Finally,
Pt direct-write ALD was employed for the fabrication of ’bottom-up’ CNTFETs by EBID
seed layer deposition of many patterns in an automated overnight process, followed by 500
cycles of Pt ALD.

The electrical characterization of the devices was performed by measuring the transfer
and output characteristics using a probe station as described in Section 3.6. Common tran-
sistor properties such as the on/off current ratio and the subthreshold swing are obtained
and compared to literature.

Dispersion of carbon nanotubes

Single-walled carbon nanotubes were purified from a powdered form and dispersed onto
substrates as described in Section 3.3. By varying the amount of dilution during purifi-
cation, the density of CNTs can be fine-tuned such that the chance of forming devices
is optimal. The CNTs were dispersed on p-type doped Si wafers covered with 10 nm of
thermal SiO2. The doped Si can be contacted to act as a global back-gate while the SiO2

acts as the gate dielectric.
Figure 5.1(a) displays a SEM image of a high density of dispersed SWCNTs. Further-

more, an AFM image of a single CNT is shown in Figure 5.1(b), where the inset shows the
size of the CNT by cross-sections of the AFM data.
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(a) (Scale bar = 2 µm) (b)

Figure 5.1 – (a) SEM image of a high density of carbon nanotubes after dispersion. The inset shows
a close-up of an individual CNT. (b) AFM image of a single CNT. The inset shows the height profile
corresponding to the cross-sections indicated by the blue and purple lines. Note that while the height
is accurate, the lateral size of the feature is not an accurate measure of the CNT width due to the
extended size of the AFM tip.

The lengths of the CNTs are rather short at around 4 µm for most tubes, though
occasionally a longer tube is found up to about 7 µm. It is likely that the CNTs are
fragmented into small sections during the sonication step of the purification process. An
AFM image of a CNT (Figure 5.1(b)) shows that the height (diameter) of the CNT is
around 1.5 nm, which is an indication that the CNTs are indeed single-walled CNTs.
However, the CNT is not uniform in height and some sections of the CNT appear thicker
than others, up to about 3 nm. A similar effect is observed in SEM images where some
CNTs appear thicker than others. This might be the result of CNTs that do not lie flat on
the substrate. Another explanation might be that the CNT is not completely clean after
purification and may be partly covered with debris (amorphous carbon, catalyst particles,
etc).

Fabrication of CNTFETs by conventional processing

Several CNTFETs were fabricated by conventional processing, involving resist patterning
by EBL and metallization by evaporation of Pd as described in Section 3.5. About 30 car-
bon nanotubes were characterized by measuring the on-current distribution of the devices,
and the result will be compared to similar devices from literature.
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Direct-write ALD of contact patterns

For the fabrication of CNTFETs, nanometer scale contacts were deposited by direct-write
ALD on a sample with dispersed CNTs, as described in Section 3.4. Two large substrates
with more than 200 patterns each were prepared. During fabrication of the first sample, the
optimized contact size discussed in Section 4.2 was not yet applied, and as a consequence,
the contacts could not be placed as closely together as desired. Therefore a less than ideal
structure was patterned (see Figure 3.10) with only four contacts instead of the six contacts
desired. By electrical characterization the patterns on this sample were tested and only
one working device was found. The characterization of this device is described below in
Section 5.1.3.

For the second sample, the original pattern with six contacts (Figure 3.11) was pat-
terned with optimized conditions that should result in well-defined contacts. Almost 500
patterns were deposited by EBID overnight. Unfortunately, the amount of Pt precursor
left in the GIS reservoir became too low and only the first ∼ 200 patterns received sufficient
precursor flux for ALD to initiate. Therefore, most of the resulting patterns are located
near the edge of the substrate where the CNT density was not sufficient for a high enough
device yield and no working devices were found.

5.1 Results

5.1.1 Conventional fabrication

About 30 CNTFET devices where fabricated by conventional EBL patterning and Pd
evaporation. The on-current was determined as described in Section 3.6.1. Figure 5.2(a)
shows the distribution of the on-current. Here n indicates the (normalized) number of
devices with on-currents within an order of magnitude of each other (e.g. if 60% of the
devices have an on-current between 0.1 and 1 µA, a half-way data point of 0.5 µA is given
a normalized count of n = 0.6). The on-currents range between about 5 × 10−2 and 5
µA and the distribution is triangular in shape. The distribution in on-currents is mainly
caused by variations in carbon nanotube diameter (band gap) which directly affects the
Schottky barrier height between the contacts and the CNT.

A similar distribution was obtained in the same way by Chen et al. [9], which is shown
for comparison in Figure 5.2(b). This indicates that dispersed CNTs in this work are
comparable in quality to CNTs used for CNTFETs reported in literature.
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Figure 5.2 – (a) Distribution of on-currents measured for about 30 CNTFET devices fabricated by
conventional EBL patterning and Pd evaporation. (b) A similar distribution for devices prepared in
the same way as reported in literature by Chen et al. [9].

5.1.2 Direct-write ALD of Pt

Even though SEM imaging damages the CNTs, a small portion of the structures was
imaged before and after ALD in order to verify that the process worked as intended. An
overview of several patterns can be seen in Figure 5.3. Due to atomic number contrast
(see Section 3.1.1), the pattern seed layers before ALD appear darker than the substrate
(due to a large carbon content), while the pure Pt structures appear brighter than the
substrates after ALD.
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(a) (b)

Figure 5.3 – SEM image of a small portion of a substrate with about 200 contact patterns. Patterns
are 300 µm wide. (a) Seed layers after EBID but before ALD. Due to unknown reasons the patterning
software skipped a small number of patterning sites as can be seen by the missing patterns. (b)
Finished structures after 500 cycles ALD. Some seed layers (top-left) did not initiate ALD growth,
likely due to a substrate contamination.

Figure 5.4 shows a number of SEM images of a single contact pattern covering a CNT.
Unfortunately, the CNT seems to have inhibited the Pt deposition such that small gaps
appear in the contacts, which may result in poor contact quality. A possible explanation
for this effect is that the CNT did not lie flat on the substrate.

Figure 5.5 displays close-ups of a different set of contacts, both before and after ALD
with one CNT touching all four contacts. In this case, the CNT did not inhibit the Pt
deposition and the contacts cover the CNT. By careful examination the CNT can still be
seen between the contacts after ALD, which indicates at least that the CNTs physically
survive the ALD process as well as the O2 treatment. Clearly, direct-write ALD is capable
of contacting CNTs, although the process was not yet optimized.

The second sample was patterned with optimized contacts but, as mentioned previously,
no working devices were found. A SEM image of the contacts can be seen in Figure 5.6.
Clearly these contacts are much better defined (without excessive broadening and without
islands between the contacts) and will likely result in better devices in future experiments.
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Figure 5.4 – SEM close-ups of a single pattern contacting a CNT. As can be seen in the bottom
images, the deposition was inhibited on the CNT.
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CNT

(a) (b)

Figure 5.5 – Close-up SEM images of a set of contacts over a CNT both (a) before ALD and (b)
after 500 cycles ALD. The contacts completely cover the CNT indicating that direct-write ALD is
capable of contacting CNTs. Since the contact size optimization was not yet completed during the
fabrication of this sample, the contacts are wider than intended and islands between the contacts may
cause short-circuiting.

(a)

200 nm

522 nm

(b)

Figure 5.6 – SEM images of a pattern with six contacts deposited with the optimized EBID settings
(see Section 4.2). (a) Overview of a single pattern (the dark regions indicate Pt). (b) Close-up of the
contacts including their dimensions.
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5.1.3 Characterization

Electrical characterization of the CNTFET devices was performed by measuring their trans-
fer and output characteristics, explained in Section 3.6.

The pattern design for the working device is the pattern with four contacts. A SEM
image of a different structure on the same sample was shown in Figure 5.5. While the
working device was not imaged by SEM (to prevent damaging the CNT), it is assumed to
be similar to the structures that were imaged. The channel length is therefore not exactly
known but assumed to be at most 400 nm, but likely closer to 300 nm due to broadening of
the contacts. Measurements were only possible between the inner contacts, since the outer
contacts short-circuited. Therefore, unfortunately no contact resistance measurements can
be employed. The transfer and output characteristics of the device are shown in Figure
5.7.
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Figure 5.7 – (a) Transfer characteristics: Id as a function of gate voltage Vgs for various drain-source
voltages Vds. (b) Output characteristics: Id as a function of drain-source voltage Vds for various gate
voltages Vgs.

Clearly, the back gate is capable of controlling the conductivity of a semiconducting
CNT such that it functions as a transistor. The CNT is sustaining a current of over 300
nA at a negative gate voltage of -3 V, while the current is less then 10−4 nA for zero gate
voltage. This indicates that the device is a p-type FET, which functions by the injection
of holes from the source into the valence band of the CNT. The fabrication of a p-type
FET is as expected, since the high work function of Pt should result in Schottky barriers
that are lower for holes than for electrons (or in the ideal case: ohmic contacts to the
valence band), favoring hole injection. Furthermore, oxygen doping of the contacts may
cause p-type behavior as well, as explained in Section 2.4. Even though only one device is
found, this result shows that direct-write ALD is capable of successfully contacting CNTs
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to form CNTFETs.
Common transistor properties can now be determined from the data as described in

Section 3.6. CNTFETs commonly display a large performance variation (due to variation
in CNT diameter and thus band gap) even under identical fabrication conditions [9]. There-
fore many devices are required for a statistically accurate determination of their properties.
Since only a single working device was fabricated so far, this is not possible and comparison
to literature must be treated with care.

The device resistance R can be obtained from the output characteristics in Figure
5.7(b), which includes any contact resistance as well as the resistance of the probe wires.
The resistance is found to be R = (5.2± 0.2) MΩ, a factor 800 higher than the quantum
limit RQ = h/4e2 = 6.5 kΩ. Clearly the device is not displaying ballistic transport behav-
ior. The high resistance measured could be due to scattering by structural defects in the
CNT or due to non-ohmic contacts. Unfortunately, the exact reason cannot be deduced
from a single device consisting of only two contacts, since contact resistance measurements
are impossible in this configuration.

Table 5.1 summarizes the transfer characteristics of the device at various drain-source
voltages Vds. The threshold voltage Vth has been determined, and the on-current Ion was
obtained at a gate overdrive of 0.5 V, corresponding to a gate voltage of Vgs = Vth − 0.5
V. The on/off current ratio and the subthreshold swing SS properties are also shown.
Furthermore, Figure 5.8 shows the transfer characteristics on a logarithmic scale, which
displays both the subthreshold properties and the current at positive gate voltages in more
detail.

Table 5.1 – Properties of the device determined from transfer characteristics measured at various
drain-source voltages Vds.

Vds (V) Vth (±0.05 V) Ion (±1 nA) Ion / Ioff SS (±10 mV/dec)

-0.1 -1.91 14 3× 105 105
-0.3 -1.91 35 5× 105 106
-0.5 -1.95 56 9× 105 166
-0.7 -1.99 82 7× 105 154
-0.9 -2.15 96 6× 105 143
-1.1 -2.05 100 3× 105 246
-1.3 -2.07 135 1× 105 229
-1.5 -2.00 145 4× 104 274

From the logarithmic scale plot in Figure 5.8, it can be seen that a relatively large
current is also measured at positive gate voltage. This indicates that the device functions
almost as an ambipolar transistor (although for a true ambipolar transistor the on-currents
for negative and positive gate voltages should be equal), which is common in CNTFETs
after annealing [54]. The measurements were performed after overnight annealing of the



CHAPTER 5. FABRICATION OF CNTFETS 84

- 3 - 2 - 1 0 1 2 31 0 - 1 4

1 0 - 1 3

1 0 - 1 2

1 0 - 1 1

1 0 - 1 0

1 0 - 9

1 0 - 8

1 0 - 7

1 0 - 6

V d s  =  
 - 0 . 1  V
 - 0 . 3  V
 - 0 . 5  V
 - 0 . 7  V
 - 0 . 9  V
 - 1 . 1  V
 - 1 . 3  V
 - 1 . 5  V

 

 

Dr
ain

 cu
rre

nt 
I d (A

)

G a t e  v o l t a g e  V g s  ( V )

V d s

Figure 5.8 – Transfer characteristics of the CNTFET device after on a logarithmic scale, sometimes
referred to as subthreshold plot.

device in vacuum at 400 K. Water molecules adsorbed on both the CNT and the SiO2

substrate (near the CNT) have been shown to affect CNTFET device characteristics (as
well as conventional silicon MOSFETs) by acting as charge trapping centers [76], which
mainly affects the threshold voltage but also increases the subthreshold swing. Figure 5.9
shows a comparison between three different treatments before measurements (no anneal, a
short 0.5 hour anneal and an overnight anneal as before).

A comparison of the properties of this device can be made with CNTFET properties
reported in literate. A direct comparison however is impossible due to difference in con-
ditions (such as channel length, contact length, dielectric thickness, global or local back
gate) and the inherent variation in properties even under identical conditions (mainly due
to CNT diameter [9]). Furthermore, while the one working device serves as proof of prin-
ciple of the direct-write ALD technique, its properties cannot serve as benchmarks for the
performance; the device in question may be exceptionally good or exceptionally bad.

The CNTFETs with probably the best performance to date were fabricated by Franklin
et al. [44, 77], showing subthreshold swings as low as 85 mV/dec and currents as high as
10 µA at high negative gate voltages. However, these devices have much smaller channel
lengths down to 9 nm, which is significantly different from the channel length of 300 nm
assumed for the measured device. Some literature suggests that CNTFETs may display
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Figure 5.9 – Transfer characteristics of the CNTFET device after no annealing, 0.5 hour annealing
and overnight annealing at 400 K. Characteristics are measured for a drain-source voltage of -0.5 V.

ballistic transport even for channel lengths above 300 nm [33, 9]. In this case the carriers
are not scattered such that devices with shorter channels should display similar properties
as those with longer channels. At the same time however, Franklin et al. [44] show that
the channel length influences the device properties even below 100 nm. In the case of
ballistic transport, the conductivity of the device should be close to the quantum limit
2G0 (Franklin et al. show conductivity up to 1.4 G0). The low conductivity of the current
device (slightly more than 0.001 G0) is therefore an indication that the transport is not
ballistic. Two likely causes for the low conductivity are the contact material and the type
of CNTs. Pt contacted CNTs are reported to show a lower conductivity [33] which is
attributed to a larger work function difference and a bad wetting interaction between Pt
and CNTs [78]. Further, CNTs produced by laser ablation (as in this work) are reported
to have a lower conductivity than those produced by CVD (Franklin et al.) which could
be caused by a larger amount of defects [33].

Despite the low conductivity, the transfer characteristics of the device compare better
with reported devices. For one, a subthreshold swing of only 105 mV/dec has been mea-
sured, which indicates that the back gate has excellent control over the device. However,
CNTFETs with a very low subthreshold swing of 85 and 94 mV/dec has been reported
in literature [44, 77]. This may be attributed mainly to the superior architecture of their
device, where each CNT is aligned on a local back gate, separated by a very thin and



CHAPTER 5. FABRICATION OF CNTFETS 86

high-κ gate dielectric (2 nm of HfO2). More typical values reported for the subthreshold
swing range between 140 mV/dec using 20 nm HfO2 as gate dielectric and [79] and 170
mV/dec using 67 nm of SiO2 [33]. This indicates that an excellent control of the device has
been achieved, even though there is still room for improvement (for example by fabricating
top-gated CNTFETs).

The on/off current ratio measured is typically above 105, which is ideal for logic devices
[7]. Comparison to other devices is difficult due to varying definitions for Ion. In some
cases the maximum current measured is used, while a definition at a certain gate overdrive
|Vgs−Vth| (0.5 V in this work) is more appropriate as it accounts for the threshold voltage
shifting and does not rely on using a very high gate voltage. Regardless, on/off currents
are reported between 104 [77, 79] and 106 [33, 7].

The highest on-current obtained for the direct-write ALD CNTFET is around 145 nA.
Compared to the on-current distribution obtained for conventionally fabricated CNTFETs
with Pd contacts, this on-current is slightly below the peak in the distribution at 500 nA.



Chapter 6

Additional experimental results

6.1 Direct-write ALD of palladium

As explained in Section 2.3, the contact material is an important parameter for CNTFET
devices and has an impact on device performance. Platinum was the first material of choice
in this work because of its excellent electrical properties and the fact that its direct-write
ALD process was already demonstrated to work well. However, palladium contacts have
the potential to perform better due to a better wetting interaction and work-function that
matches better with CNTs [33]. For this reason, CNTFET contacts are typically of Pd,
deposited by various physical deposition methods in combination with EBL.

In an effort to improve Pd contacts, initial experiments for the development of a direct-
write ALD process for Pd were performed analogous to the direct-write ALD process of
Pt. In such a process, Pd EBID seed layers are deposited, after which a selective Pd ALD
process builds the seed layers into Pd structures, as described in Section 3.2.2. The results
of initial experiments will be discussed shortly.

Palladium(II) hexafluoroacetylacetonate

Inspired by the Pt direct-write ALD process where Pt EBID is performed with the same
precursor as Pt ALD, initial attempts on EBID of Pd were performed using palladium(II)
hexafluoroacetylacetonate (Pd(hfac)2). Furthermore, initial results on Pd EBID using this
precursor were published by Spoddig et al. [80].

During the experiments, the EBID process suffered from two problems. First, the
seed layers contained a relatively large amount of fluorine, which may pose problems when
contacting CNTs. More importantly however, ALD deposition was not selective on the seed
layers. Even very brief SEM imaging of the substrate prior to EBID caused a deposition of
a square Pd film where the image was taken. Furthermore, islands presumably consisting
of Pd were found several millimeters from the deposition area, with a higher island density
near the deposition area. These effects were attributed due to substrate charging effects
(due to imaging prior to EBID) and thermal decomposition of the precursor, both of
which potentially dissociate the Pd(hfac)2 and deposit Pd-containing films even before the
precursor is irradiated by the electron beam, causing a loss of selectivity.

87
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Additional precursors

Due to the problems with the Pd(hfac)2 precursor, several other precursors were used for
the deposition of Pd EBID seed layers. The precursors are listed in Table 3.1.

The EBID process for all precursor suffered from insufficient vapor pressure even when
heated to 100◦C (which is the maximum that the GIS can handle). This led to a low Pd
content (< 1 at.%) and a low yield (< 2× 10−4µm3/nC, an order of magnitude lower than
for Pt EBID). Attempts to increase the precursor flux by a nitrogen flow through the GIS
were unsuccessful and did not yield better results. Furthermore, the deposition was often
non-local, producing a large area of Pd-containing nanostructures outside of the defined
pattern, see Figure 6.1.

Figure 6.1 – SEM image (under 52◦ angle) of an attempt to deposit a 2 × 2µm square by Pd EBID
using the palladium acetylacetonate precursor. Beside the irregular structure of the deposit, deposition
of Pd-containing nanostructures outside the desired pattern can be seen (with less than 1 at.% Pd as
in the main deposit).

Pd ALD on Pt seed layers

Due to the inability of Pd EBID to form decent seed layers, a final attempt was made for
the development of a direct-write ALD process of Pd by combining platinum EBID with
palladium ALD. Pt EBID seed layers can induce Pt ALD growth due to their catalytic
activity, as described in Section 1.5 with results shown in Section 4.1. Since a similar
catalytic activity is required for Pd ALD growth, these same Pt seed layers may be able
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to catalyze Pd growth. While the use of Pt seed layers may seem contradictory to the
desired goal (Pd contacting CNTs instead of Pt), this may not be a problem when the
required seed layer thickness is similar to the value for Pt direct-write ALD. With the
seed layers consisting of less than a monolayer of Pt (clustered in islands), the bulk of the
material is still Pd and an improved contact quality may still be possible. Pd contacts are
typically fabricated with a Ti underlayer (around 0.5-1 nm thick) for improved adhesion
to the substrate [13, 14]. As long as these adhesion layers are thin, the influence on the
contact properties is reported to be insignificant [13]. Recalling that the optimal Pt seed
layers are much less than 0.5 nm thick and clustered in islands, it is unlikely that they
influence the contacts significantly.

A matrix of 30 platinum seed layers were deposited by EBID in the same way as
described in Section 4.1. Next, the seed layers were treated with 1 mbar of O2 at 300◦C
to remove the carbon. Finally, 1200 cycles of thermal Pd ALD were performed at 100◦C.
Figure 6.2 shows SEM images of the result.
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A1

B5

(a) (b)

(c) (d)

Figure 6.2 – SEM images of platinum EBID seed layers built into the desired thickness and purity
by palladium ALD. (a) Overview of the deposited squares after Pd ALD. Note the large amount of
islands everywhere between the patterns. (b) Close-up of square B5 (refer to Figure 4.2(a)) which
received a low electron dose of about 5.7 pC/µm2 and was able to induce sufficient Pd growth to form
a closed film. (c) Close-up of square A1 which received the lowest electron dose at 0.1 pC/µm2. Note
the crystal-like shape of the islands. (d) Close-up of the crystal-like islands.

By visual inspection it appears that Pd ALD requires a lower dose to induce growth, as
a closed film is already obtained at an electron dose of 5.7 pC/µm2, about half of the value
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required for Pt ALD. At the same time however, a large amount of islands can be seen
near the deposit location and even up to a millimeter from the deposition. This indicates
that the deposition was not completely selective which may have contributed to growth
on thinner seed layers. Optimization of the ALD process settings may result in better
selectivity and a direct-write ALD process of Pd. Finally, the islands have a crystal-like
shape which we did not observe before with either Pd EBID or ALD, which may indicate
that it is a result of an interaction between Pt and Pd.

The thickness of the Pd deposits may be measured by EDX in the same way as was
done for Pt deposits in Section 4.1. The procedure is explained in Section 3.1.5 and involves
measuring the intensity of the peaks originating from the Pd and the substrate (Si with
50 nm Al2O3). Using EDX spectra of reference films of known Pd thickness, the peak
intensities can then be used to estimate the thickness of the Pd. This assumes that the
material under investigation is the same as the material for the reference films, which is
not necessarily the case especially for the thicker Pt seed layers. Therefore the thickness
estimated from EDX measurements may not be entirely accurate.

In Figure 6.3(a), the Pd thickness (as measured by EDX) is plotted against the electron
dose used to deposit the Pt seed layers. The Pt seed layer thickness is also shown, which
is estimated by assuming a constant yield of Y = (1.6 ± 0.1) × 10−3 µm3/nC, measured
in Section 4.1. The curve is somewhat similar to the curves found for Pt in Section 4.1,
except that the growth saturates more slowly. Saturation occurs around an electron dose
of 11 pC/µm2, the same as was found for Pt. Since the seed layers are deposited with
identical settings (and are thus assumed identical), this suggests that the Pt and Pd ALD
processes share a common mechanism for ALD initiation.

Finally, Figure 6.3(b) shows the comparison between two EDX spectra. The top spec-
trum (in blue) is obtained from an ALD-deposited Pd reference film, which is known to
have a thickness of 22 nm (measured with spectroscopic ellipsometry). The red spectrum
is the EDX spectrum of Pd deposited on Pt EBID seed layer at an electron dose of about
2.3 pC/µm2, which according to the analysis in Figure 6.3(a) should be around 22 nm
thick as well. The spectra are normalized on the largest peak (Si). The peaks (especially
Pd) are almost identical between the spectra, indicating that the material quality is similar
(note that the Pt seed layer for 2.3 pC/µm2 is much too thin to have a measurable effect
on the EDX spectrum). The difference in peak intensities for the Al and O peaks may
be attributed to the fact that the substrates used were not identical and there might have
been a variation in Al2O3 thickness.

Further experiments are required to overcome the remaining challenges and develop a
direct-write ALD process for Pd, as will be discussed in the Outlook in Section 7.2.
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Figure 6.3 – (a) The Pd thickness as measured by EDX as a function of the electron dose used to
deposit the Pt seed layers during EBID. The seed layer thickness is estimated by assuming a constant
yield as before. (b) Comparison between two EDX spectra. In blue: a spectrum of a 22 nm Pd ALD
reference film. In red: the spectrum of a Pd deposit on a Pt seed layer deposited using an electron
dose of 2.3 pC/µm2, which (according to (a)) should result in a Pd thickness of about 22 nm as well.

6.2 Direct-write ALD of Pt on graphene

Besides carbon nanotubes, graphene is another compound of carbon with interesting elec-
trical properties. Graphene was already introduced briefly in Section 2.1 and consists of a
two-dimensional sheet of hexagonal carbon. Its properties are in many ways very similar
to CNTs, and transistors (referred to as graphene field-effect transistors or GFETs) can
also be fabricated by contacting graphene sheets by a metal. However, one of the most
important differences is that graphene is a zero bandgap semiconductor, which means it
cannot be used as a digital switch [81]. Still, contacting graphene is interesting since
GFETs have applications in radio frequency electronics and a bandgap may be opened in
graphene by various methods such as cutting a sheet into a thin (2-3 nm) ribbons (graphene
nanoribbons, GNR) [81].

Graphene may be synthesized by mechanical exfoliation (pulling single layers of graphene
from graphite) or by chemical vapor deposition (CVD) [82]. While mechanically exfoliated
graphene still shows the best electronic properties, it results in a small amount of relatively
large flakes randomly distributed on a substrate and is therefore not a serious candidate for
future devices. CVD grown graphene on the other hand can reach macroscopic dimensions,
and may be more suitable for industrial applications. Even though mechanically exfoliated
graphene flakes are ultimately not suitable for future devices, contacting these flakes in
transistor configuration still allows for the investigation of the properties of graphene and,
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more importantly, the contacts.
Contacting graphene flakes is in many ways easier than contacting CNTs, simply be-

cause graphene flakes are an order of magnitude larger. However, it is interesting to
investigate whether direct-write ALD is able to deposit Pt selectively on the graphene and
whether it is able to fabricate high quality contacts that outperform contacts written by
standard lithographic methods such as EBL.

Preliminary experiments were conducted to contact graphene flakes by direct-write
ALD of Pt. The graphene flakes are exfoliated onto a doped silicon substrate with a
toplayer of 300 nm SiO2. Using optical microscopy and Raman measurements, single-layer
graphene flakes can be found and their location is recorded relative to markers on the
substrate. The flakes can then be readily imaged in a SEM and EBID contact patterns can
be aligned on the graphene with relative ease. The patterns consist of four to six contacts
(similar to the CNTFET patterns) in order to allow for contact resistance measurements. In
contrast to the CNTFET patterns however, since these experiments preceded the electron
dose optimization, the contacts are patterned using a relatively high electron dose of around
1 nC/µm2.

Figure 6.4 shows SEM images of a contacted flake before and after 1000 cycles of Pt
thermal ALD. Furthermore, a Raman measurement of the flake after ALD is shown in
Figure 6.4(d).

Clearly the direct-write ALD process is able to contact graphene successfully. EBID is
capable of patterning on graphene and the ALD process afterwards is selective such that
Pt is only deposited on the EBID patterned contacts. No Pt deposition is seen on the
graphene flake (outside of the contacts).

The Raman measurement shows the G and 2D peaks typical for single-layer graphene
flakes. However, a small D peak appears which indicates lattice defects in the graphene.
Unfortunately, the Raman measurement was only performed after fabrication of this device,
so it is impossible to tell whether the defects occurred as a result of the direct-write
ALD process. It is likely that extensive imaging before EBID, after EBID and after ALD
damaged the graphene, but in order to verify the cause of the defects the graphene should
be characterized before and after each step in the process. If the damage occurs due to
imaging (and not the direct-write ALD process itself), it may be prevented by aligning the
patterns relative to the markers on the substrate. Furthermore, the electron dose during
EBID can be reduced significantly as described in Section 4.1.

In conclusion, the direct-write ALD process of Pt is capable of successfully depositing
contact patterns on graphene flakes. Pt was deposited on the graphene flake where EBID
seed layers were patterned, but not outside the patterned areas. This method of contacting
the flakes may result in better device performance because the graphene has not been
covered by a resist as typical for methods using EBL. This should be verified by electrical
characterization of the devices.
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Figure 6.4 – The result of platinum direct-write ALD of contacts on exfoliated graphene flakes. (a)
Close-up of EBID contacts on a graphene flake before ALD. (b) Close-up of the same flake after 1000
cycles ALD. (c) Overview of a completed pattern after 1000 cycles of ALD. (d) Raman measurement of
the contacted graphene flake after ALD. The signal shows the G and 2D peaks typical for single-layer
graphene flakes. The occurrence of a small D peak indicates lattice defects in the graphene.



Chapter 7

Conclusions and outlook

7.1 Conclusions

The goal of this project was to fabricate carbon nanotube field-effect transistors, using
direct-write ALD for deposition of the contacts to the carbon nanotubes. The selected
approach consisted of the random dispersion of single-walled carbon nanotubes on suit-
able substrates, followed by the direct deposition of contact seed layer patterns by electron
beam induced deposition of platinum. The seed layers are subsequently built into the
desired thickness and purity by an area-selective atomic layer deposition process. Com-
pared to conventional fabrication methods such as electron beam lithography followed by
metallization by evaporation, the main merits of the direct-write ALD process are that no
potentially harmful processing steps (such as resist spinning and lift-off steps) are required.
Furthermore, metallization by ALD is essentially a chemical process that potentially yields
better wetting interaction between the metal and nanotubes.

The platinum direct-write ALD process was first optimized by reducing the electron
dose required during EBID for the seed layers to induce ALD growth. The carbon nano-
tubes are susceptible to electron beam damage (deteriorating their electrical properties),
and since the electron beam scans directly over the carbon nanotubes during EBID, it is
essential to minimize exposure as much as possible. The EBID seed layers are known to
contain a large amount of carbon impurities (∼ 85 at.%) which is likely an inhibiting factor
for ALD growth on thin seed layers. It was found that exposing the seed layers to oxygen
before the ALD process allowed much thinner seed layers (deposited with lower electron
doses) to induce ALD growth. A 5 minute O2 gas treatment at 1 mbar and a substrate
temperature of 300◦C was capable of reducing the required electron dose from 1 nC/µm2

to about 11 pC/µm2. This effect was attributed to the removal of the carbon from the
EBID seed layers, allowing thinner seed layers to induce ALD growth. The optimization
brings the electron dose during the direct-write ALD process down to typical doses used
for electron beam lithography (EBL).

The direct-write ALD process was further optimized to allow for small contact dimen-
sions (contact and channel lengths). During EBID, secondary and backscattered electrons
can emerge from the substrate far from the primary electron beam patterning position,
where they cause the deposition of a thin seed layer that induces ALD growth outside
of the defined pattern area. This is especially problematic when patterning contacts in
close proximity, since it can cause islands to grow between the contacts which cause short-
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circuiting. This proximity effect was investigated by experiments and simulations such that
optimal EBID conditions were found at which the effect was eliminated. It was found that
the acceleration voltage of the electron beam largely determined the spread of secondary
and backscattered electrons, and reducing the acceleration voltage from 30 kV to 2 kV
significantly reduced the extent of undesired deposition. To further decrease the widening
of the contacts, the pattern definitions were changed. Instead of 200 nm wide rectangles
(which resulted in much wider rectangles after ALD), the contacts were patterned as ef-
fectively zero-width line patterns, which resulted in the desired 200-300 nm wide contacts
after ALD.

Using direct-write ALD, a functioning carbon nanotube field-effect transistor was fab-
ricated. To the author’s knowledge, this demonstrates the first CNTFET with ALD-
deposited metal contacts. The device was electrically characterized in a probe station, and
was found to function as a p-type transistor, which is typical for CNTFETs with high
work function metal contacts fabricated or stored under atmospheric conditions. From
the transfer characteristics, on/off current ratios close to 106 were obtained, which is com-
patible with the requirements for logic devices and comparable to typical values of 104 to
106 reported for CNTFETs. Under optimal conditions, the subthreshold swing (which is
a measure of the gate’s control over the device and its switching speed and should be as
low as possible) was found to be 105 mV/dec. Devices comparable to this work typically
show values above 140 mV/dec, indicating that the back gate has sufficient control over
the device. However, better subthreshold swing values down to 85 mV/dec are reported
in literature for devices with superior architectures such as thinner high-κ gate dielectrics
and local back gates.

From the output characteristics, a high resistance of (5.2± 0.2) MΩ ∼ 800RQ was
measured, indicating that the transport is not ballistic. The high resistance could be
caused by defects in the nanotube or by non-ohmic contacts. Unfortunately the reason
cannot be deduced from a single device with two contacts.

Finally, preliminary results have been obtained for the direct-write ALD process of pal-
ladium. Pd has been reported to show a better wetting interaction with carbon nanotubes
resulting in better contact quality. Therefore, Pd contacts deposited by direct-write ALD
are interesting to investigate. Unfortunately the EBID process for Pd was found to be
problematic, showing non-local deposition and seed layers containing almost no Pd. As a
compromise (motivated by the knowledge that thermal Pd ALD shows selective growth on
catalytic films), Pd ALD was performed on Pt EBID seed layers. Pd was found to grow
on very thin Pt seed layers, even though some Pd islands were found outside of the EBID
seed layers (indicating slight non-selectivity).

In addition, direct-write ALD of Pt was employed for contacting graphene flakes. The
direct-write ALD process was found to be completely selective and capable of depositing
well-defined contacts on graphene flakes.
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7.2 Outlook

7.2.1 Carbon nanotube field-effect transistors

Statistical analysis

Carbon nanotube field-effect transistors commonly display relatively large variations in
electrical properties between different devices, which may be attributed to differences in
the CNT quality (number of defects), the contact quality and most importantly the diam-
eter (band gap) variation. Therefore, more devices need to be fabricated (with the final
optimized process) to allow for statistical analysis of the electrical properties of devices
fabricated by direct-write ALD.

To further obtain measurements of the contact quality, four or more contacts must con-
tact the same carbon nanotube. Especially with random dispersion of carbon nanotubes,
these measurements are difficult to conduct because the chance of a contact pattern con-
tacting a nanotube with that many contacts is small, so that even more samples must be
fabricated to obtain sufficient devices. A more controlled and reproducible way of growing
carbon nanotubes would further aid in these measurements.

Benefits of ALD vs conventional metallization

At this point, the comparison between CNTFET devices fabricated by conventional pro-
cesses (for example, EBL with evaporation of the contact metal) and devices fabricated
by direct-write ALD is difficult. Multiple differences between the processes are at play:
the use vs absence of resist and lift-off steps, the physical vs chemical nature of the metal
deposition and the use of Pt vs other metals (typically Pd). All these may influence the
electrical properties of the device and it is unclear which is the most important. To obtain
further insight in these differences, CNTFETs should be fabricated by combining con-
ventional EBL patterning with metallization by ALD, instead of evaporation. Since the
wetting interaction between the contacts and the CNT are of great importance, a chemical
deposition process such as ALD may result in better contacts. This experiment allows a
direct comparison with conventional devices and the influence of the chemical nature of
the ALD metallization can be investigated. In addition, for conventional patterning there
are less requirements for the ALD process (for example: it does not need to be selective),
allowing for a larger range of materials to be studied.

Furthermore, in the same way the influence of the contact metal may be investigated.
By combining conventional EBL processing with metallization by ALD, both Pt and Pd
contacts can be fabricated in the same way allowing for direct comparison. So far Pt
contacts are reported to show inferior properties (which is attributed to a worse wetting
interaction of Pt), but that is likely a result of the physical nature of most deposition
processes. The chemical nature of ALD may result in better Pt contacts compared to
physically deposited Pt.
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Dispersion vs controlled growth

Further, the random dispersion of carbon nanotubes from a solution is clearly not an
optimal method. If carbon nanotube transistors are to become one of the next architectures
fabricated in industry, then it should at least be possible to grow carbon nanotubes in
a more controlled and reproducible way, directly on the required substrate and with a
predefined alignment.

Seed layer deposition before CNT dispersion

In the current direct-write ALD process, the carbon nanotubes are exposed to the electron
beam during EBID of the contact seed layers. Also in conventional fabrication, during
EBL the CNTs are exposed to the electron beam in a similar way and with a similar dose.
Since this may damage the CNTs, it should be prevented as much as possible. In EBL,
the CNTs are covered by a resist which must be exposed to the electron beam, hence it is
not possible to prevent exposure of the CNTs completely. Direct-write ALD on the other
hand does not have this restriction, and a simple modification is possible that may result
in better contacts: the contact seed layers can be deposited by EBID first, after which the
CNTs are dispersed or grown on top of the seed layers. The seed layers are then built into
pure Pt (or Pd) by ALD, covering the CNTs. This way, the CNTs are never exposed to
an electron beam. Additionally, the seed layers could even be thickened slightly by ALD
before the dispersion of CNTs. These modifications are illustrated in Figure 7.1 and bring
three advantages:

1. The carbon nanotubes are never exposed to an electron beam, since EBID occurs
before the dispersion or growth.

2. The carbon nanotubes are contacted by the metal on all sides (circular contacts)
instead of only at the top (’omega-shaped’ contacts). The thickness of the contacts
is much larger than the diameter of the CNTs such that the metal buries the CNTs
completely.

3. The carbon nanotubes are contacted by the pure ALD-deposited metal directly, in-
stead of the impure EBID seed layer material. Even though the EBID seed layers are
very thin and probably do not influence the contacts directly, they may still influence
the wetting interaction.

7.2.2 Direct-write ALD of Pd

To further investigate the differences between Pt and Pd contacts, a direct-write ALD pro-
cess for Pd should be developed. However, the Pd EBID process proved to be problematic,
with non-selective deposition and very low yield. The EBID process may be improved by
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Figure 7.1 – Schematic illustration (cross-section) of the modification to the direct-write ALD process.
(a) EBID seed layer deposition on a clean substrate without carbon nanotubes. (b) Small amount of
ALD cycles to purify and thicken seed layers (optional). (c) Dispersion or growth or carbon nanotubes
on top of the existing structures. (d) Further ALD cycles to cover the carbon nanotubes and build
the contacts to the desired thickness. (e) Cross-section of the contacted CNT after the non-modified
process (’omega-shaped’ contact). (f) Cross-section of the contacted CNT after the modified process
(circular contact).

choosing a higher precursor temperature for each of the precursors (which was currently
impossible due to limitations of the DualBeam gas injection system) or substrate heating.
As a compromise, EBID of Pt was combined with ALD of Pd. The preliminary results are
promising, but further optimizations are required to prevent non-selective ALD growth.
For example, using formalin as the reactant gas instead of H2 in the second half-cycle,
the Pd ALD process may be more selective for low substrate temperatures (below about
200◦C) [68]. Furthermore, the O2 treatment before ALD may have an influence on the
selectivity. The material should then be characterized and the process should be optimized
similar to the optimization for the Pt process described in Chapter 4.

7.2.3 Direct-write ALD for contacts to graphene

Contacts to graphene flakes were successfully deposited by direct-write ALD of Pt. How-
ever, since Raman spectroscopy revealed defects in the graphene the process should be
investigated further. Raman spectra must be collected for a single graphene flake before
and after each process step to investigate when the damage occurs and whether it can be
prevented. By using an O2 treatment after EBID, the electron dose can be reduced signifi-
cantly which may prevent much of the damage. Furthermore, electrical characterization of
the graphene devices should be conducted to measure the device and contact properties.
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