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Abstract

The experiments described in this Master’s thesis aim to assess the practicality of
using dielectrophoresis (DEP) for assembling memory elements from carbon nanotubes
(CNTs). These elements were field-effect transistors (FETs) with a wide hysteresis
window.

The devices assessed were made on a silicon substrate with a HfO5 - TiOg - HfO9
gate dielectric layer to ensure a predictable hysteresis for memory operation. The FETs
were used for further research in regard to environmental effects in their operation. [1]

An average yield of 12.5 % over 26 different trapping attempts, a total of 650
gaps, was achieved for single trapped CNTs in a two-electrode configuration with a
1 um gap between electrodes with a width of 300 nm. The electrical parameters for
DEP (f = 300 kHz, Vpp = 5 V, t & 2 min) were consistent in the batch, but the
CNT mass concentration of the 1,2-dichloroethane suspension varied between 1/98000
and 1/270000. 47 successful FETs with hysteresis were produced in the 350 devices
evaluated by electrical measurements.

Trapping the nanotubes exclusively on electrode tips was not possible with the
configuration used in the experiments. Additionally, controlling the concentration of
CNTs in the suspension was difficult. This resulted in unpredictable amounts of mate-
rial between different samples as well as separate gaps between electrodes in the same
sample. Because surfactants weren’t used, the widespread attachment of the CNTs to
each other also posed a problem.

The FET operation testing was hampered by current leaks through the gate dielec-
tric. The devices that were produced also had a relatively high current in the off-state,
which resulted in low on/off ratios for the CNTFETs.
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Introduction

Carbon-based structures show much potential in nanoelectronics. Carbon nanotubes
have been envisioned to enable further miniaturization in electronic components and
circuits due to their promising electronic properties and durability. In particular, the
high current density possible in metallic tubes and transconductance properties of
semiconducting tubes are promising for applications.

Dielectrophoresis is a technique that can be used to manipulate different polar-
izable particles with great selectivity. Non-uniform electric fields are used to induce
a nonequal charge distribution in particles and to exert forces on them. Applied to
CNTs, DEP is useful for attracting the tubes in a suspension to electrodes, position-
ing them to desired positions in electric circuits. It has become a basic method for
manipulating microscale objects. DEP is based on the force caused on any polarizable
object, charged or neutral, by a nonuniform electric field.

CNTFETSs have previously been made with a variety of methods, from growing
CNTs from electrode tips to producing electrical connects with lithography after lo-
cating the CNTs manually. All these methods, including DEP, have at the moment a
very poor yield in comparison to transistors made with conventional silicon technology
employed in the semiconductor industry.

The experiments presented in this Master’s thesis aim to assess the practical possi-
bility for producing carbon nanotube-based field effect transistors with DEP. Locating
the CNTs is done with SEM micrographs and the transistor behaviour is quantified
with electrical measurements. This research work was a part of the Tekes FinNano
programme ”Molecular Scale Memory Elements” and received support also from com-
panies Nokia Oyj, Beneq Oy (previously Planar Inc.) and Vaisala Oyj.

The experimental results produced are presented in Chapter 5. Methods relating
to sample fabrication and dielectrophoresis are described in Chapters 3 and 4. The
first two Chapters include properties of carbon nanotubes and CNTFETSs as well as
material on dielectrophoresis. Conclusions about the work are discussed in the final
chapter.



Chapter 1

Carbon Nanotubes

Carbon nanotubes are carbon molecules that can be viewed as rolled-up graphene
strips which form closed cylinders, or alternatively as elongated fullerenes. Each carbon
atom in a CNT has covalent bonds with three neighbors as in graphite, in contrast to
diamond, another allotrope of carbon in which covalent bonds extend to four neighbors.
The simplest tubes have only a single wall, but the first nanotubes characterized were
made of several concentric shells with a regular spacing of 3.4 A, i.e. multiwalled
nanotubes. [2]

These molecular systems are nanometer-sized in diameter, but up to centimeters
long. The high regularity of the molecular structure of CNTs as well as their similarity
to graphene results in chemical inertness.

Like graphene under tension, CNTs are two orders of magnitude stronger than steel
at one sixth of the mass. The theoretical Young’s modulus of CNT bundles exceeds 1
TPa. The graphitic sp? bond is 33 % stronger than the sp® bond in diamond, which
accounts for the high strength of the CNT in the direction of the tube axis. [3]

CNTs also remain stable up to very high temperatures, close to the melting point of
graphite near 4000 K and their thermal conductivity along the tube axis is the highest
of all materials. These properties are also due to the long structure being connected
with strong covalent bonds. [3]

Synthesis methods for carbon nanotubes include arc-discharge, laser ablation, gas-
phase catalytic growth from carbon monoxide and chemical vapor deposition (CVD)
from hydrocarbons. The synthesis usually produces impurities in the form of catalyst
particles, amorphous carbon and non-tubular fullerenes, which have to be removed by
subsequent purification steps. [4] Producing primarily MWCNTs by milling graphite
with steel balls and annealing the carbon product is also possible. [5]

1.1 Structure

The straight sections of CNTs have a regular hexagonal structure, but additional cur-
vature can be created by defects that have pentagons or heptagons in them. In these
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defects each carbon atom is still primarily bonded to its three nearest neighbors and
there are no dangling bonds. The ends of CNTs as well as junctions and transitions
between different chiralities are created by these defects (Fig. 1.1).
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Figure 1.1: Different types of CNTs. (a) STM image of a SWCNT, (b) a SWCNT
bundle, (c¢) two MWCNTs, (d) a junction between nanotubes of differing chiralities,
(e) a three-terminal junction between nanotubes. Images published in [2].

1.1.1 Bundles and MWCNTSs

Single-walled CNTs have a tendency to bundle due to van der Waals interactions. [4]
Typical distances between tubes in bundles are similar to the interplanar distance in
graphite (3.1 A). The cross section of an individual CNT in a bundle is circular if the
diameter of the tube is less than 15 A and deforms to a hexagon for thicker tubes,
maximising the contact area between the planes. [2]

Surfactants are commonly used to keep the tubes separate in suspensions. When
using a polar liquid medium, these surfactants are usually long molecules with a polar
(hydrophilic) and non-polar (hydrophobic) end. The non-polar end of the molecule
sticks to the CN'T and the polar end attracts molecules of the solvent.

Commonly used surfactants in aqueous solutions include two different families of en-
capsulating agents. The first group includes anionic-alkyl amphiphiles such as sodium
dodecyl sulfate (SDS) and sodium dodecylbenzene sulphonate (SDBS), which have
anionic head groups and flexible alkyl tails. The other group, bile salts like sodium
cholate (SC) and sodium taurodeoxycholate, are more molecularly rigid and planar
amphiphiles with a charged face opposing a hydrophobic one. [6]

The close proximity of CNTs in bundles affects the electrical properties of single
tubes. For example, armchair tubes (n = m) with metallic properties individually
can have significant bandgaps (0.1 eV for (10,10) CNTs) when bundled. [7] Individual
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tubes in bundles as well as concentric shells in multiwall CNTs can also transfer charge
to each other through 7 bonds.

1.2 Electronic properties

Experiments and theory have shown that single-walled carbon nanotubes can be either
metallic or semiconducting. These properties stem from the electronic structure of
graphene, a two-dimensional structure of sp? bonded carbon atoms. The hexagonal
structure of graphene provides a good starting point for understanding the electronic
properties of CNTs. [§]

1.2.1 Graphene

In the graphene sheet o bonds are formed by three out of four valence electrons along
the surface of the sheet. [9] The remaining single valence electron per carbon atom
forms 7 bonds that are perpendicular to the surface of the sheet by hybridization with
first neighbors. [10] These bonds are illustrated in Fig. 1.2 with their energy bands.

The o bonds are strong covalent bonds providing most of the binding energy and
elastic properties of the graphene sheet. The energy levels associated with these bonds
are far away from the Fermi energy in graphite and thus do not play a key role in its
electronic properties. [11]

The 7 bonds are responsible for the conduction through the sheet as their energy
bands cross the Fermi level at high-symmetry points in the Brillouin zone of graphene
(Fig. 1.2). Additionally the 7 bonds determine the weak interaction between SWCNT's
in a bundle in a similar way as different layers in graphite bond together.

The graphene structure has conducting states at the Fermi energy Er, but only at
specific points along certain directions in momentum space at the corners of the first
Brillouin zone (Fig. 1.3 (b)). For this reason graphene is a semimetal: the structure is
metallic in some directions and semiconducting in others. [11]

1.2.2 The SWCNT as a one-dimensional structure

As the structure of a SWCNT is a rolled-up graphene sheet, the momentum of the
electrons around the circumference of the tube is quantized. This reduces the available
states to slices through the 2D band structure and as such the tubes are either one-
dimensional metals or semiconductors. If the tube axis points to a metallic direction
on the graphene sheet, the tube acts as a 1D metal. [§]

The tube orientation on the graphene sheet is defined by the chiral vector [12]
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Figure 1.2: The bonds in a hexagonal carbon network. ¢ bonds connect the carbon
atoms and are responsible for the strength and the elastic properties of the graphene
sheet. The bonding and antibonding o states are separated by a large energy gap. The
7 bonds are perpendicular to the sheet and their states lie in the vicinity of the Fermi
level Ep. From [11].

where n and m are integers. d; and dy are the unit cell vectors of the 2D graphene
lattice as in Fig. 1.5. The length of the chiral vector is the circumference ¢ of the
nanotube

c:’C_’":a\/nQ%—nm—l—mQ (1.2)

where a is the length of the unit cell vectors and it is related to the carbon-carbon
bond length with ¢ = a.v/3. The bond length a.. = 0.1421 nm for graphite, but
the curvature of the nanotube results in the approximation a.. = 0.144 nm for CNTs.
The chiral vector can be determined as in Fig. 1.4. The chiral angle # in the figure
is defined as the angle between the chiral vector and d; (the zig-zag direction of the
graphene sheet) and can be calculated with [11]

V3m

tanf = )
2n+m

(1.3)

The magnitude of the energy gap in single-walled nanotubes varies with the direc-
tion of the chiral vector and as such the integers m and n. If n — m is either zero
or divisible by three, the SWCNT is metallic (band gap either zero or very small),
otherwise it is semiconducting (Fig. 1.5). This result follows from a zone folding ap-
proximation. In reality also (n,0) zig-zag tubes with n as a multiple of 3 have a small
band gap and are semiconducting. [10] In some sources only tubes with n = m (band
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Figure 1.3: (a) The lattice structure of graphene. (b) Energy of the conducting states
as a function of the electron wavevector k. (c), (d) Carbon nanotubes with their
respective energy gaps shown at the Brillouin zone boundary. Illustrations from [8].
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Figure 1.4: An example of the determination of a chiral vector for a (5,3) nanotube.
The end points A and A’ of the chiral vector are the same point in the SWCNT. From
[11].

gap 0 eV without curvature effects) are referred to as metallic and the other tubes
satisfying the condition mentioned before are considered semimetallic. [11]

Figure 1.5: The definition of the chiral vector (n,m) in a SWCNT (left). Electrical
properties of tubes with different chiralities (right). From [13].

Figure 1.6 shows the calculated density of states of a semiconducting and a metallic
SWCNT. The semiconducting tube has an energy gap at Er while the metallic one
has a continuum of energy states at the Fermi level.

In the zone folding approximation, which approximates a CNT as a flat stripe of
graphene, the 7 orbitals and the o states are strictly perpendicular to each other and
cannot mix. The curvature of CNTs, however, means that these states mix and form



CHAPTER 1. CARBON NANOTUBES 12

Density of states (a. u.)

Density of states (a. u.)
1

KKJHLJj'KK i

Energy (eV) Energy (eV)

Figure 1.6: Density of states from tight binding calculations done in [2] for (11,0)
(left) and (12,0) (right) CNTs. (11,0) is a semiconducting tube with no states around
Er and (12,0) a metallic tube with a non-zero DOS at the Fermi energy. Van Hove
singularities, indicative of quasi-one-dimensional materials, are seen.

hybrids that are partly sp® and partly sp? in character. [14]

With curvature effects the m-derived bands (near the Fermi energy) in zig-zag (m =
0) and small chiral angle # SWCNTSs are strongly shifted to lower energy. Armchair
and large 6 tubes are weakly affected. [14]

1.2.3 Conductance

A metallic CNT can be considered a ballistic conductor, i.e. electrons are not scattered
in a conductor, which is connected to two electrodes. [3] The electrodes have two
different energy levels Er, and Ep, (Er, > Eg,). The resistance of such a ballistic
conductor is given by

Er — Er h
R =B R 1.4
el 2e2M’ (1.4)

where R, is the contact resistance, I the current through the conductor, A Planck
constant, e elementary charge, % ~ 12.9 k2 the quantized resistance Ry and M the
number of conduction channels. [15] This means that the nanotube conductance is
quantized in multiples of the fundamental conductance quantum G, = RLO'

This quantum-mechanical contact resistance arises from the mismatch of the num-
bers of conduction channels in the mesoscopic conductor and the macroscopic metal
connector. Poor coupling between the metal leads and the CNT can contribute addi-
tional contact resistance. [15]

The length over which a CNT can behave as a ballistic conductor depends on its
structural perfection, temperature and the size of the driving electric field. In general,

ballistic transport can be achieved over lengths typical of modern scaled electronic
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devices (< 100 nm). [16] If the electrons scatter in the conductor, the transport is dif-
fusive and with a large number of scattering events an ohmic response will be observed
as in conventional conductors. The quasi-ballistic transport in CNTs means that a
CNTFET with a channel length of 50 nm has essentially the same electrical behaviour
than one with a 300 nm channel length. [17]

In a SWCNT with a diameter of 1 — 2 nm the number of conduction channels M
is one when the bias voltage Er, — Ep, < 1 eV. A metallic armchair (zig-zag) tube
close to the Fermi energy has doubly degenerate (M = 2) bands so the total quantum
conductance is [9]

4e?

Independent of the conduction type and intrinsic to nanotubes, it is the nature of
the contact that ultimately determines their conductance behaviour in a circuit. [3]
Metals with a work function sufficiently greater or smaller than that of a nanotube
will form ohmic contacts with the nanotube. A Schottky barrier will be formed if the

metal work function is on a similar level. [1]

1.3 Transconductance

Whereas metallic, particularly multiwalled, CNT's can be used as high-performance in-
terconnects in very-large-scale integrated systems, the current in semiconducting CNTs
can be switched on or off. In general, this modulation in semiconductors can be done
with some kind of activation, such as heating or light absorption, to get the charge
carriers over the gap. The gap itself can be modulated by some external influence such
as applied strain, magnetic field or electric field. [16]

If an external electric field is applied on a nanotube, the density of states of the
system is changed due to the spontaneous breaking of symmetry of the quantum me-
chanical Hamiltonian. The most relevant effect for applications is the opening and
closing of the band gap at Fermi level, which changes the conductance of the tube
(Fig. 1.7). [18]

An example of the band structure changing in response to an external electric field
is shown in Fig. 1.8. The metallic (10,10) SWCNT has the two lowest subbands always
crossing, but the density of states increases near the Fermi level. The armchair (n = m)
tubes remain metallic in strong uniform fields, but for other chiralities the band gap
opens and closes for different field strengths as in Fig. 1.7. The electric field is assumed
to be uniform at the size scale of the nanotube diameter in these simulations.
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Figure 1.7: Band gap variation of SWCNTs as a function of electric field strength.
Tubes simulated are (17,0) and (18,0) in inset. From [18].
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Figure 1.8: Band structure and density of states of a (10,10) armchair CNT at different
perpendicular electric fields. Simulations from [18].
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1.3.1 Carbon nanotube field-effect transistor

In a field-effect transistor (FET) a semiconducting channel is modulated by an electric
field. The semiconductor is connected to two electrodes, source and drain, and the
electric field controlling the electric current in the channel is produced by applying a
voltage to a gate electrode. [1]

In a CNTFET (Fig. 1.9 a)) the semiconducting channel is composed of one or
more carbon nanotubes. The behaviour in CNTFETSs (Fig. 1.9 b)) resemble those of
conventional p-type silicon MOSFETSs, but it is not a result of a certain doping level in
the nanotube. CNTFET operation is controlled by Schottky barriers in the interface
between the source and drain electrodes and the nanotube rather than the nanotube
itself. The existence of these barriers has been confirmed by means of local gating with
an AFM tip. [19]
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Figure 1.9: (a) SEM micrograph and (b) typical output characteristics of a CNTFET.
From [20].

The on-current in a CNTFET is strongly dependent on the specific contact metal.
[20] This dependency is plotted in Fig. 1.10, where the current trend follows the work
function of the metal: 5.1 eV for Pd, 4.3 eV for Ti and 4.1 eV for Al. [17] For a CNT,
the work function is approximately 4.8 eV, close to that of graphite. [21] A higher
work function forms a lower Schottky barrier height to the valence band of the CNT,
providing a higher on-current. The work functions of the contact metals also govern the
gate voltage response of the CNTFET. High work function metals like Pd make good
p-type (semiconducting channel opens with negative gate voltage) contacts, while low
work function metals like Al yield better n-type (positive gate voltage opens channel)
contacts. [3]

The gate voltage can be applied by an universal backgate, usually the silicon sub-
strate, or a local gate, a nearby electrode insulated from the CNT by a thin dielectric
layer. In addition to regular FET operation, it is possible to construct CNTFETSs mod-
ulated with an optical signal by coating the CNT with an optically responsive agent.
[22] Chemical gating is also a possibility with the possible application of using exposed
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tubes as chemical sensors. Concerning particular gases, NO, has been found to shift
the threshold voltage positively and NHj negatively. [23] Using different contact met-
als, it is possible to realize both n-type and p-type regions, even on a single CNT. This
approach has been used to produce a CMOS-type oscillator with five n-type and five
p-type FETs on a single SWCNT. [24]
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Figure 1.10: The current in the ON-state of CNTFETs as a function of nanotube
diameter for contacts made of different metals with the corresponding Schottky barrier.
The gate dielectric layer is 10 nm SiO,, the channel length is 300 nm and a bias voltage
Vis = -0.5 V is applied. The inset shows additional data for Pd contacted CNTFETSs
from other sources. From [17].

1.3.2 CNTFET memory elements

Carbon nanotube FETs often display some degree of hysteresis in their transfer charac-
teristics. Examples of this are in Fig. 1.11, where the CNTFET can be set to different
states of conductivity depending on the previous modulation with gate voltage. For
normal transistor operation this is an unwanted feature, causing unpredictability in its
output. However, the hysteresis effect can be applied in using a CNTFET as a memory
device. [25]

The devices produced in this thesis work were used in a study [1] about environ-
mental influences on the operation of CNTFETSs as memory elements. The dielectric
layers were selected to produce a relatively constant hysteresis effect in the devices.
26]

Several different models have been suggested to explain the origin of hysteresis in
CNTFETSs. Surface chemistry, for instance water molecules, on the dielectric has been
shown to give a large contribution to hysteresis in some CNTFETSs. Mobile ions and
charges within the dielectric layer (especially in SiOs) can relocate in response to the
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Figure 1.11: Gate sweep curves of adjacent CNTFETSs on a Si substrate with a 300 nm
SiOy gate dielectric layer (Vs = 10 mV). The devices have Pd electrodes, producing
p-type behaviour. The gate voltage is sweeped back and forth and the curve is drawn
counterclockwise, i.e. changing the gate voltage to a positive value and back sets the
device to the on-state with high conductivity. Devices produced (not via DEP) and
measured by the author.
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gate voltage, which is the reason hysteresis is sometimes visible in conventional Si-
MOSFETs. Additionally, charging centers such as defects in the nanotube might cause
hysteresis when charged or discharged due to gate modulation. Stationary charge traps
within the dielectric could also affect the charge transfer of the CNT in response to the
gate modulation, screening the electric field and causing apparent hysteresis in the gate
voltage response. [10] With a certain structure of oxide layers a predictable hysteresis
effect with CNTFETSs can be achieved. This finding points to stationary charge traps
in the layered dielectric dominating the electrostatic charging, but surface chemistry
also has a significant effect. [26]



Chapter 2

Dielectrophoresis

Charged particles can be moved simply by using an electric field, in which the particles
experience the Coulomb force in the direction of opposite charges. This process is
referred as electrophoresis. [27] Neutral particles do not experience a force in a uniform
electric field, but nonuniform electric fields can be used to exert forces on polarizable
particles. [2§]

In an electric field surface charges are induced on an polarizable particle with op-
posing polarities on opposing sides. The Coulomb force on each of the sides depends on
the magnitude of the charge and the electric field. If the field is homogenous and the
overall charge of the particle is zero, the forces on different sides are equal in strength
but opposite in direction, so there is no resulting net force. If the field is not uniform,
there will be a net force, illustrated in Fig. 2.1. A high nonuniformity in the electric
field is desirable for moving particles, a method known as dielectrophoresis (DEP). [28]

Figure 2.1: A schematic of a neutral particle in a uniform electrical field (a) and in
a non-uniform field with the permittivity of the particle ¢, larger (b) and smaller (c)
than the permittivity of the medium €,,. In positive DEP (b) the particle is moving
towards the electric field maximum and in negative DEP (c) the minimum. From [29].

This process does not require any time dependence in the electric field, but even
a small charge in the particles can mean that the electrophoretic force dominates in
the experiment. Therefore a high frequency alternative current is usually used in DEP,
which eliminates the electrophoretic force due to time-averaging. [30]

19
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2.1 Dielectrophoretic force

A particle in an electric field E and the surrounding medium can be considered as a
dipole with an induced dipole moment [31]

p=aFE (2.1)

where « is the effective polarizability of the particle, which depends on the frequency
of the electric field, the particle radius and the electrical properties of the particle and
the medium. In this derivation also the polarization of the medium is taken into
account. The polarizability is

a = 3Ve,Re[K], (2.2)

where V' is the volume of the particle and ¢, is the permittivity of the suspending
medium [32]. Re[K] is the real part of the Clausius-Mossotti factor

1 * _ *
Kw=-—2"‘™ (2.3)
36:;1—{—14(6;—6:1)

Here A is a geometrical factor (A = % for a sphere, A =~ 0 for a straight rod with a
negligible thickness) and €, and €7, the complex permittivities of the particle and the

medium. The complex permittivity is defined as

(2.4)

where € is the permittivity and ¢ the conductivity for the entity in question. w is
the angular frequency of the applied electric field. [32]

The dielectrophoretic force applied to the particle by the nonuniform electric field
is [31]

Fosr = (7 V) E= 59 (|£]) (2.5)

The last expression of the previous equation can be justified with Eq. 2.1 and
because the curl of the electric field is zero. [33] The time-averaged dielectrophoretic
force for a homogenous sphere in an electric field with a sinusoidal time dependence is
therefore
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where ERMS is the root-mean-square value of the electric field. This equation is
also valid with a field without a time dependence.

Equation 2.5 shows that the DEP force is parallel to the gradient of the square of
the electric field. The direction of the force depends on the relative polarizabilities of
the particle and the medium, but not on the direction of the electric field.

Fig. 2.2 shows an example of the frequency dependence of the Clausius-Mossotti
factor. The imaginary part of the factor is only relevant for torque in electrorotation,
while the sign and magnitude of the real part determine the direction and the magnitude
of the DEP force.
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Figure 2.2: The real (solid curve) and imaginary (dotted curve) parts of the Clausius-
Mossotti factor. The magnitude and signs of the real and imaginary parts govern the
magnitude and direction of the dielectrophoretic force and electrorotational torque,
respectively. The frequency-dependence of a solid particle exhibiting a single dielectric
dispersion is shown, an example from [32].

For a straight carbon nanotube with a volume V' an approximate time-averaged
DEP force can be calculated by assuming A ~ 0 as

= 3 & =€ =/1= 2
FBOEdP—tav ~ 2V€mR€{ pge* }v(’ERMS‘ ) (27>
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2.2 Dielectrophoretic potential

Dielectrophoretic trapping can also be described by defining a DEP potential. A force
is equal to the negative gradient of potential energy, so DEP potential can be calculated
from Eq. 2.5 as [33]

o
2

‘ 2

(2.8)

Upep = —

If Brownian motion is also considered, the total potential energy for objects in DEP
can be expressed as a sum of thermal and DEP potentials as

12
BkpT o |E
Us =Ur +Upgp = 5 - ’2 ’ (2.9)

The DEP force pushes the polarizable particles to wells in this potential, and trap-
ping happens when Uy, < 0 i.e. the DEP force overcomes the random thermal motion.
[29]

2.3 Electric fields in DEP

An electric field through a dielectric material that contains no free charge has zero curl
(the direction of the field acts outward from a point). Additionally, if the electric field
is applied externally to the dielectric, the field is not divergent. [34] Mathematically

VxE=0=V-E. (2.10)

With these conditions the electric field in free space can’t contain isolated maxima,
which means in practice that the field is always greatest on the surface of electrodes.
There can, however, be any number of isolated field minima in free space. As posi-
tive dielectrophoresis moves particles toward a greater field strength, the particles will
gather at the electrodes. With negative dielectrophoresis the electrodes can be designed
to produce a field minimum where the particles will be trapped. [34]

Simulations for a typical DEP setup are shown in Fig. 2.3. The gradient of the
electric field is greatest at the sharpest tips of the electrode structure.

2.4 Brownian motion

In addition to the DEP force Brownian motion is a relevant factor in the movement of
nanoscale particles. This can be treated as a random force approximated by
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Figure 2.3: Calculated plots for a DEP experiment showing a) electric potential, b)
electric field, ¢) gradient of the electric field square and d) temperature rise. The plane
is perpendicular to the substrate, going through the center axis of a straight electrode.
The setup has two symmetric electrodes, and the amplitude of the voltage across the
gap (80 nm width) is 1 V, AC frequency 12.5 MHz and the conductivity of the liquid
surrounding the electrodes 300 pS/cm. The width of the displayed area is 500 nm and
the height is 360 nm. Electrode thickness is 20 nm and width 25 nm. The directions
of vector quantities are displayed with arrows. From [27].
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where kp is the Boltzmann constant, 7" temperature and r, the radius of a spherical
particle. Since smaller particles experience a higher thermal drag force, they need
steeper electrical field gradients in DEP experiments. [28]

Considering thermal effects, the critical particle radius for a DEP trapping experi-
ment can be represented as

10ksT
¢ 2.12
" \/WemAd Re [K (0)] VE?’ (2.12)

where Ad is the trap width. [34] This sets a minimum scale for particles where
DEP overpowers thermal effects. Generally DEP is most useful for particles with
length scales between 1 pm and 1 mm, the upper limit determined by gravity. An
example of the critical radius dependence on the trap width and electric field gradient
is in Fig. 2.4.
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Figure 2.4: The minimum radius of particles that can be trapped using DEP using Eq.
2.12. The parameters used are T' = 300 K, ¢€,, = 78¢ and Re[K(w)] = 1. Plot from
(34].

2.5 Fluid dynamics

The fluid flow in a system with electrodes providing nonuniform AC electric fields in a
fluid medium is caused principally by three effects. Electrothermal fluid flow is caused
by the thermal gradient produced by the electric fields in the system. The second
component, AC electro-osmotic (ACEO) fluid flow, stems from the interaction of ions
in an electrical double layer on the electrode surfaces with the tangential component
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of the electric field. Natural convection can also exist in the fluid, driven by density
differences in the fluid caused by thermal expansion. [27]

The electrothermal flow is by itself in a DEP experiment much slower than the
ACEOQO flow. Typically the electrothermal flow has maximum speeds in the range of 10
nm/s to 1 um/s while ACEO flow speed can reach 10 cm/s. [27] [35]

The direction of the ACEO flow is always perpendicular to the electrode edge with
an AC voltage, driving fluid on the electrode surface. The direction of the flow is not
dependent on the sign of the electric field. [36]

The fluid flow in a DEP setup has been numerically evaluated in Fig. 2.5. The
flow goes generally into the gap from the sides and the top, proceeding out along the
electrodes.

Figure 2.5: Electrothermal fluid flow simulation for a DEP experiment. a) Plane
perpendicular to the substrate at the axis of an electrode (as in Fig. 2.3), b) plane
perpendicular to both the substrate and the electrode axis, ¢) plane parallel to the
substrate at a height of 10 nm. The unit of velocity is m/s. Electrode dimensions are
as in Fig. 2.3. V =1V, f =1 MHz and liquid conductivity ¢ = 300 puS/cm. The
width of the displayed area is 500 nm and the height is 360 nm. Simulations done in
[27].
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2.6 Applications

Dielectrophoresis has been used in separating and trapping micron-sized objects such
as cells. Separation of particles by structure and composition can be done by spatially
confining them by negative DEP into a static reservoir or focusing them in a fluid
flow. [37] Trapping the suspended objects with positive DEP to electrode surfaces
in stagnant or flowing liquid is another method for this, but for larger quantities a
different setup with moving liquid can be used.

Field-flow fractionation (FFF) using DEP is based on the DEP force as a function
of the dielectric properties of a particle as well as the particle sedimentation force and
the hydrodynamic lift force. In a laminar flow chamber the flow velocity parallel to the
chamber walls is dependent on height relative to the electrodes producing the electric
field. This difference in velocities can be used to separate different particles. [38]

There are three primary modes of velocity differentiation in FFF, where different
force fields can be used for positioning particles in the stream. Normal FFF is based on
thermal diffusion profiles of particles with sizes below 1 um. For larger particles Brown-
ian motion and thermal diffusion are roughly negligible. In steric FFF the applied force
causes particles to hit one side of the separation chamber with steric hindrances slow-
ing the particles down. Hyperlayer FFF is based on keeping particles on a equilibrium
height away from the chamber walls in the flow stream. [37]

As a nanoscale method, dielectrophoresis can be scaled to be used for manipulation
and trapping of different particles such as DNA assemblies [39] and it is also possible
to use it as a lithography tool with electrode arrays. [40]

In a configuration commonly used in DEP the circuit consists of a large resistance
and an AC voltage source in series with the trapping electrodes. If the particle to
be trapped is conductive enough, most of the voltage drop will be in the resistor
after the circuit has been closed by the particle. Therefore the electric field at the
electrodes will drop and the DEP effect will be diminished for any additional particles.
[34] This approach is problematic with the unsorted CNTs used for the experiments
presented in this thesis, because one third of the tubes are metallic with significantly
lower resistances than those of the desired semiconducting tubes. The trapping would
terminate much more effectively with a metallic tube using a resistor in series, so the
described approach was not used in the experiments.

The resistance of the trapped particle can also be detected during trapping by using
a lock-in amplifier (Fig. 2.6). This involves measuring both /4 and Ipc components
during trapping to determine the actual resistance between the electrodes. Applying
this to single SWCNTSs has the advantages of having a verified electrical connection
and controlling the amount of resistance during trapping. [41]
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Figure 2.6: a) Lock-in detection setup for DEP. b), ¢) Real-time current measurements
during DEP trapping, showing the effect of deposited particles. d) A gate voltage
sweep from a fabricated CNTFET with V;, = 100 mV and Au electrodes. Inset shows

SEM of the CNT. From [41].
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2.7 DEP on CNTs

Both AC and DC DEP have been previously demonstrated to be an efficient method
to place CNTs, CNT matted sheets and CNT bundles across prepatterned electrodes.
Previous experiments done with two electrodes have often involved producing a film of
aligned CNTSs, usually on silicon but also on flexible substrates [42].

CNTFETs have been produced with DEP before, but usually with surfactants
coating the tubes. Typical surfactants such as SDBS can be removed afterwards by
rinsing the sample with methanol. [43] Often the FET is produced with a sheet of
CNTs as the semiconducting channel. [44] If a film is used, the device typically does
not have a good off-state due to the practically inevitable inclusion of metallic tubes.
One method of getting rid of unwanted metallic tubes in bundles or sheets is electrical
breakdown. [45]

Dielectrophoresis has also been used to produce CNTFETSs with a prefabricated
local gate. A local gate offers faster switching behaviour than a global back gate.
[46] More complex electrode arrangements can be used to have four point electrical
contacts on single nanotubes. These can be used for more exact measurements of CN'T
properties than two point contacts. A four point deposition yield of 16 % has been
achieved for this configuration. [47]

The experiments presented in this thesis use 1,2-dichloroethane (DCE) as the sus-
pension for SWCNTs. The real part of the permittivity of DCE is between different
types of CNT's, but with the frequency dependence and conductivity taken into account,
the positive DEP case in Fig. 2.1 b) is achieved for f = 300 kHz. For semiconducting
SWCNTs €Es_SWCNT — (2—5)60 [42] and for DCE €EDCE = 9.860 at 31.5°C. [48} Metallic
SWCNTs have high conductivity and have permittivities many orders of magnitude
larger than these values.

With relatively low frequencies (< 1 MHz) both metallic and semiconducting CNT's
will move towards a direction of higher electric gradient (positive DEP, Fig. 2.7) and
so sharp edges in electrodes are expected to gather more particles. The time taken to
rotate a SWCNT bundle parallel to the electric field is simulated to be as short as a
few milliseconds, but the translation movement time in a typical structure (a distance
of a few millimeters) can be tens of seconds. [42]

Different AC frequencies can be used to attract only metallic tubes (> 10 MHz)
or both metallic and semiconducting ones. With this effect metallic SWCNTs can be
extracted from a suspension by AC dielectrophoresis, [51] also using a fluid flow across
an electrode array [52]. In this method the tubes are kept separate with surfactants,
which induce a surface conductance. This property gives rise to a frequency dependence
of the nanotube dielectrophoresis. [53]

Crossed nanotube junctions have been produced using DEP, but with tubes coated
with the surfactant sodium dodecylbenzene sulphonate. The deposition was done se-
quentially, but with sharper tips than in four-electrode attempts for this thesis. [54]
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Figure 2.7: A carbon nanotube in a medium subjected to dielectrophoresis. The DEP
force direction for positive DEP is shown. From [49] via [50].

Resistive sensing elements have also been fabricated using DEP with CNTs. The I-
V' curves of the tubes are sensitive to temperature and humidity, which is useful for
nanoscale measurements with a very small power dissipation. [55]
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Sample fabrication

3.1 Substrate

The sample base used in the experiments was monocrystalline silicon. The size of the
silicon chip containing one sample was 4 mm by 4 mm and the substrate thickness was
300 pm. The edges of these squares were shallowly cut in the substrate with a dicing
saw (LoadPoint MicroAce 3) before sample fabrication to ease sample separation in the
wafer. Usually 20-30 samples were made in one batch, an amount limited by the size
of the electron microscope sample holder (28 mm by 28 mm). The tilt of the sample
also limits the area of accurate electron beam exposure, as the focus height of the beam
cannot practically be changed without stopping the batch exposure manually.
Different ALD layers were grown on the samples at Planar Systems Inc. (currently
Beneq) in Espoo using a Planar P400A ALD deposition tool [56]. In sample batch
DEP4 the coating was ALD #2107 with the layers from bottom to top HfO, 40 nm,
TiOs 0.5 nm and HfOy 1 nm [57]. These oxides were used as a gate dielectric layer.

3.2 Electrode design

The design of the electrode tips was kept constant in all sample batches. The gap
between electrodes was 1 ym and the width of the electrodes near the tip was a constant
300 nm. In the design program the tip point had a 90° angle with straight edges
extending symmetrically. In practice this design produced a rough half-circle at the
tip. The positions of the gaps relative to each other differed between sample batches.
In batches DEP3 and DEP4 the gaps were placed symmetrically in a circle to eliminate
any effect relating to different electrode positions between gaps (Fig. 3.1).

3.3 Electron beam lithography

The first step in fabricating the DEP electrodes was spinning the resist layers on the
substrate. In electron beam lithography PMMA (polymethylmethacrylate) is the most
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Figure 3.1: The configuration of the trapping electrodes used in sample batch DEP4
(DEP4_18). The diameter of the circle is 320 pym.
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common resist, and two layers of it were used in this project. The spinner used was
Bidtec SP100. The first layer was PMMA with a molecular mass 495 u, concentration
3% in anisole. The spin speed was 3000 rpm, which produces a layer with a thickness
of 100 nm. After spinning the sample was baked on a hot plate at 170 °C for 5 minutes.
The second layer was 950 v PMMA, 2% in anisole. The spin speed 6000 rpm results
in a 80 nm layer and the sample was baked again with an identical procedure.

The electrical circuit was drawn with a Raith e_Line 50 electron beam lithography
system. The electron beam acceleration voltage used in drawing the patterns was 20
kV and the typical current dose was 200 uAs/cm?. The fine pattern in the center was
drawn with a 30 um aperture and the outer electrodes and bonding pads with a 120
pm aperture. The larger aperture allows for a higher current and therefore a shorter
exposure time, but can’t be used for small structures due to a larger beam spot size.

Exposed parts of the resist were removed in a developer solution of 1 part of MIBK
and 3 parts of IPA. After development the PMMA layers were cleaned with oxygen
plasma in a Oxford Plasmalab 80 Plus reactive ion etching (RIE) system. The recipe
used in this specified a time of 10 s, a power of 15 W and a magnetic flux density of
30 mT. The O, flow was 50 cm?®/min.

Two different metal layers were evaporated on the sample with a BAL-TEC BAE
50 electron beam vacuum evaporator. A 5 nm titanium layer was used to bond the
25 nm palladium layer to the surface. The layer thicknesses were measured during
evaporation using an Inficon deposition controller XTC/2.

After metal evaporation the PMMA layers were removed with excess metal in ace-
tone. The lift-off was aided usually by heating the solvent and using ultrasonication.

After checking the electrode structure under an optical microscope, the samples
were cracked apart along the grooves cut in the substrate. These separated samples fit
in a chip carrier, which provides electrical connectors for the measurement box. The
bottom of the sample was glued to the carrier with varnish and an ultrasonic bonder
was used to connect the bonding pads of the electrode structure to corresponding chip
carrier connectors (Fig. 3.2). The wire used in bonding was a 20 um gold wire.

In sample batches DEP1 and DEP2 the general concept of DEP was tested with a
large array of DEP electrodes but only two bonded electrical contacts. Batches DEP3
and DEP4 used a two-electrode configuration and batches DEP5-10 a four-electrode
one. The electrode placement in batch DEP4 is shown in Fig. 3.1.

In batches DEP5-DEP10 the electrodes were facing the gap in four directions (Fig.
3.3). In batches DEP6-DEP10 an additional 60-65 nm Al,Oj3 layer was used to prevent
direct electrical connections between the electrode structures and the back gate. These
samples also had a 7 nm chromium layer instead of titanium for bonding the layers to
each other.
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Figure 3.2: A DEP sample (DEP4.22) attached and bonded to the chip carrier. The
sample dimensions are 4 mm X 4 mm and the silicon base is electrically connected to
the bottom of the carrier and two connectors with silver paint.
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Figure 3.3: The structure of batch DEP8 without CNTs. Layers from the bottom to
the top: Base Si, ALD-layers 20 nm HfOs, 0.5 nm TiOs, 0.5 nm HfO,. Below the
electrodes 80 nm Al,O,, electrodes 7 nm Cr, 25 nm Pd. Gap between electrodes 1 um,
electrode width 300 nm. The layer thicknesses and electrode sizes are to scale.
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CNT trapping

4.1 CNT preparation

The CNTs used in the trapping experiments were single-walled and manufactured by
NanoCyl S.A. (Sambreville, Belgium) using catalytic CVD. [56] A small amount of the
CNT material, sold as a black powder, was suspended in 1,2-dichloroethane (DCE).
The root suspension included 1.5 mg of the powder and 19.15 g of 1,2-dichloroethane.
This was diluted with DCE so that the mass concentration of the CN'T material was
between 1:98000 and 1:270000 when used for DEP in sample batch DEPA4.

Because no surfactants were used, the CNT's in the suspension had a high propensity
to bundle to each other. A finger sonicator was used to separate the bundles (Hielscher
UP400S Ultrasonic Processor). The sonication time used was between 30 minutes and
3 hours depending on the sample batch, and the sonicator was used at full power with
about 1 second cycles (half a second on, half a second off).

4.2 Experiment setup

The chip carrier with the sample was placed in a slot inside a measurement box with
appropriate electrical contacts and shielding. The electrodes on the sample were con-
nected through the chip carrier and measurement box to BNC connectors, where cables
from AC signal sources were inserted.

Three different signal generators were used: Agilent models 33220A and 33250A as
well as Tektronix AFG3102 with two generators used at the same time. An oscilloscope
(Tektronix TDS3012) was used to check the phases of the alternating current. The
whole experiment setup was inside a fume hood to limit exposure to dichloroethane
fumes.

In sample batch DEP4 a sine curve signal with a peak-to-peak voltage Vpp =5V
was used. The frequency was 300 kHz and trapping time 2 min. Similar parameters
have been used elsewhere with an aqueous CNT solution with surfactants, [43] and the
frequency is much lower than the one reported for trapping only metallic SWCNTSs (10
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MHz). [51] The connectors in the box were set up so that every other electrode got a
signal from one signal generator and the other half used the second generator as in Fig.
4.1 a). Using the oscilloscope the signals were first adjusted to be in opposite phases
(Fig. 4.1 b)).

a) by 3

=
=

AC 1
AC2 ——

0 1 2 3 4 5
t/ ps

Figure 4.1: a) DEP trapping circuit. The signal generator AC 2 is triggered from
the first signal generator (AC 1) output at a rate of 3 kHz to keep the AC voltages
synchronized. b) Plot of AC outputs at f = 300 kHz and Vpp =5 V.

The connectors were disconnected when the sonicated CN'T suspension was applied
on the sample using a pipette. When the sample surface was completely immersed in
the suspension, the signal generators were connected to the measurement box. The
signal was applied for 2 minutes and the signal generators were again disconnected.

As the DCE evaporated during the experiment, new drops of the CN'T suspension
were applied to prevent drying. The number of drops was between 5 and 8 depending
on the evaporation rate. After disconnection, the remaining suspension was blown to
the side with a helium stream. The suspension pooled around the sample in the chip
carrier, and the helium stream was continued until the whole carrier appeared dry.
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Results

5.1 CNT placement

The location of individual nanotubes on the samples was checked using SEM micro-
graphs. In figure 5.1 the top electrode had an AC signal during DEP while the bottom
one was disconnected. The HfO, surface was generally free of CNTs and debris. It
was obvious that the AC signal had an effect on CNT placement. Those electrodes
that had the voltage signal applied had CNTs and other material from the suspension
attached to them.

A finding common to all sample batches was that the gaps between electrodes
did not have a higher density of tubes after trapping than other electrode edges. The
cleanliness of the surface in the DEP experiments indicates that most of the suspension
material close to the electrodes is deposited to the electrodes themselves.

Different DEP parameters for frequency, voltage amplitude and trapping time were
tested in batches DEP1 to DEP3. The resulting parameters were used in batch DEP4.

5.1.1 Two-electrode configuration

In sample batch DEP4 a total of 22 samples were used in DEP experiments. Each
sample had 25 gaps which had a different electrical contact on each side. The DEP
method on these samples involved applying 5-8 drops of CN'T suspension on an individ-
ual sample and having the AC voltage on typically for 120 seconds. The concentration
of the CNT suspension differed, however, between DEP sessions.

By tuning the trapping parameters a yield of 28 % was achieved in contacting the
two electrodes with a single nanotube in the best sample, but the overall success rate
with this metric was 12.5 % (Table 5.1), when counting only the first time trapping
was attempted on a sample. Some samples were cleaned with RIE and trapping was
attempted again (marked with c). If these are included, the total yield was 14.3 %.
The contact between electrodes was evaluated with SEM micrographs. Subsequent
electrical measurements showed that a sufficient electrical contact was lacking in most
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Figure 5.1: A broken electrode with the upper part connected to the signal during
DEP, sample DEP4_22.
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Figure 5.2: A CNT placed between two electrodes with DEP, sample DEP4_17r, gap
21.
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cases.

When comparing different concentrations, the lowest one during the last trapping
involving cleaned samples was the most successful, having a yield of 22% for single
tubes.

As the samples were imaged with SEM before electrical measurements, a 1.5 — 2
nm contamination layer was found via AFM imaging (Fig. 5.3). This carbonaceous
material is deposited via electron beam-induced contamination. The carbon originates
most likely from both the sample itself and hydrocarbons in the SEM vacuum. [58] The
pumping system and other internal SEM components are the most common sources of
the hydrocarbons. The thin contamination layer becomes more visible when using low
accelerating voltages in SEM as in Fig. 4.1 a) around the electrode gaps. [59]

5.1.2 Four-electrode configuration

The aim of the four-electrode configuration was to have two single SWCNTSs crossing
each other with electrical connections at all four ends. This would give information
about the electrical connection between the tubes on top of each other. The connection
between two metallic tubes has been seen to behave as a tunnel junction, whereas
junctions between a metallic and a semiconducting tube have shown Schottky diodelike
behavior. [54] The batches used for this (DEP5-DEP10) have a common electrode
configuration, but differ in processing.

In a four-electrode configuration (Fig. 5.4) the DEP voltage was applied to two
opposing electrodes in two sessions so that all four electrodes were used. As the CNTs
were usually attached in all edges of the electrodes, a clean cross-like configuration of
CNTs was not achieved in any of the samples. The most common result was that the
nearest electrodes were connected with CN'Ts as well as the opposing ones.

5.2 FET measurements

The electrical properties of a specific gap between electrodes were determined with
a measurement setup (Fig. 5.5), which included two voltage amplifiers, one current
amplifier, a voltage box (source for the DC sweeps) and an analog-digital converter
card for the PC. The voltage amplifiers measured gate voltage V, and drain-source
voltage Vs while the current amplifier was used to measure drain-source current Ig;.

The measurement of a specific device began typically with a V,, sweep. The voltage
was changed from 0 V to +0.1 V with 0.5 mV steps every 0.1 s. Next a sweep was
made from +0.1 V to -0.1 V to determine the I-V curve of the device. V;, was then
sweeped to 4+0.01 V, which was the bias during gate voltage V,, sweeps. At this bias
V, was sweeped to -3 V and then back and forth between -3 V and 3 V. All voltages
were changed gradually and higher gate voltages than +3 V were not used to prevent
damage to the device.
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Table 5.1: The distribution of trapped CNTs in different samples in batch DEP4.

Each sample has 25 gaps where trapping was attempted.

If the total is less than

25, the amount of material could not be determined in all gaps. The final column
shows the relative mass concentration of 1,2-dichloroethane in relation to the CNT
material. Samples with ”centr.” had the suspension centrifuged and the upper part of
the product used for trapping, resulting in an unknown concentration.

No Tube(s), no One tube >1 tube or Parts DCE
Sample | material contact over gap over gap  other material | for 1 part CNT
22 5 7 1 12 98000
23 8 7 4 6 98000
24 0 6 3 16 98000
6 15 5 2 3 180000
12 1 1 3 20 180000
13 1 7 2 15 180000
14 8 5 1 11 180000
8 0 6 2 17 180000
9 0 7 3 15 180000
10 0 1 3 21 180000
11 0 10 7 8 centr.
15 0 15 4 6 centr.
16 4 7 6 8 centr
17 20 4 1 0 centr
18 4 11 5 5 180000
21 6 7 4 8 180000
25 23 2 0 0 180000
28 22 3 0 0 180000
19 3 6 5 11 140000
20 0 5 5 15 140000
26 0 3 4 18 140000
27 0 5 4 16 140000
6r 6 13 1 5 180000
151 0 6 1 17 180000
17r 14 5 0 2 180000
17rc 11 3 8 3 270000
18¢ 20 2 3 0 270000
25¢ 2 4 8 11 270000
28¢ 9 10 3 3 270000
1st time | 120 130 69 231
Total 182 173 93 272
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b)

Figure 5.3: a) A SEM image of sample DEP4_16, gap 11. b) The same device imaged
with AFM (10x10 gm). A 5 by 5 um square is visible in the area imaged previously
with SEM. This area rises 1.5 — 2 nm higher than the rest of the probed area, which
is explained by amorphous carbon deposited on the sample in SEM imaging. Because
a script was used for SEM imaging, only the square was exposed (acceleration voltage
5 kV, aperture 30 pum, current 0.33 nA, 1500 lines, total time ~30 s). The electrode
height relative to the substrate is 30 nm in smooth areas.
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Figure 5.4: A four-electrode configuration with trapped CNTs (sample DEP5_5, device
5).
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Figure 5.5: Measurement circuit for FET evaluation. AFM micrograph is of sample
DEP4_13, gap 1, with layer thicknesses valid for batch DEP4.
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Gaps in 15 different samples were measured, usually those that had at least one
tube connecting the electrodes in SEM micrographs. Most devices did not show a
response typical for a CNTFET, but a significant percentage did (Fig. 5.6).
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Figure 5.6: The transconductance of two CNTFETSs produced via DEP during several
gate voltage sweeps (Vzs = 10 mV). Both devices have a clear hysteresis, which produces
a curve in the counterclockwise direction, and the DEP4 device also has a slight n-type
behaviour at positive gate voltages in addition to the normal p-type response.

The ratio between on- and off-states for the 48 fabricated devices was 50 at most
(Fig. 5.6, DEP4_24), usually between 1.1 and 2. Other CNTFETSs fabricated without
DEP have yielded ratios up to 10000. The semiconducting channel in DEP fabricated
devices does not seem to close correctly, which is possibly explained by the carbon
contamination layer on the samples produced by SEM imaging. The samples were
not generally cleaned after SEM imaging, and RIE processing necessary to remove the
amorphous carbon would have also damaged the CNTs at a similar rate.

Using a resistivity value of pc = 1.35 x 10 Qm for carbon [60], a classical calcu-
lation [61]

r=" (5.1)
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gives a resistance 6.8 k{2 for a carbon strip of 1000x1000x2 nm, which is a very
rough approximation of the effective resistance of the carbon contamination in the gap.
This is not strictly valid as the layer thickness is only 2 nm, and ohmic assumptions
are not very justifiable at such a small scale.

Deliberately produced thin amorphous carbon films have a wide range of reported
resistivities. [62] Films less than 2 nm thick, produced by electron beam induced
deposition (EBID) presumable from hydrocarbons in diffusion pump oil, have had re-
sistivities with low bias in the range of 10 Qm according to one source [63]. Carbon
interconnects made with EBID from residual hydrocarbons have had a reported resis-
tivity of 0.2 Qm, which has been improved to 5x 10 Qm with partial graphitization
via Joule heating. [64] The latter numbers would mean an original resistance of 100
MQ and 2.5 M2 with heating in the calculated test case. The resistivities for EBID
carbon are still orders of magnitude higher than the range of literature values for amor-
phous carbon and graphite ((8.5 — 41)x10® Qm), but the ensuing current increase in
CNTFETSs would be obvious in measurements.

EBID carbon has been used for connecting MWCNTs with metal electrodes, lower-
ing the contact resistance by a claimed two orders of magnitude initially and a similar
lowering produced by partial graphitization, the final state corresponding to the resis-
tance of outer shell conduction in the MWCNT. [64]

5.2.1 Effect of an extra Pd layer

Due to poor electrical connections in many samples, an additional 40 nm palladium
layer was fabricated on DEP electrode tips after trapping the CNT material for nine
samples in batch DEP4. The overall effect of this layer was, against expectations,
harmful for the CNTFET devices. An AFM image of the contacts is shown in Fig. 5.7.

A summary of electrical measurements is found in Table 5.2. A large problem with
these samples was gate leakage, i.e. an electrical connection with current flow between
an electrode on the sample surface and the silicon substrate used as a back gate. For
first time trapping on a sample without an additional Pd layer a working FET was
produced in 47 out of 350 gaps (13.4 %). Only a subset of gaps, of those that seemed
to have at least one CN'T connection in SEM micrographs, were electrically measured.

The devices were classified as ” Gate leak” if there was an ohmic current leak to the
current amplifier when applying a gate voltage and ”Working FET” if the device shows
a usable semiconducting response with hysteresis. The classification ” Other” was used
if the device was measured, but the response was something else than the responses
mentioned before. These include a metallic response, a semiconducting response with-
out hysteresis or no current response at all.

The data for the same sample with or without an additional Pd layer are not directly
comparable, because in many cases measurements were done in more gaps after Pd
coating. Almost all of the gaps with FET operation working before the deposition
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Figure 5.7: An AFM image of a gap used for dielectrophoresis in sample DEP4_13,
gap 2. An attempt has been made to produce an additional Pd layer on the exist-
ing electrode tips. The gap had two CNTs bridging the gap in SEM imaging and a
semiconducting response with a hysteresis effect (on/off ratio 6). The thickness of the
electrode on the left is 30 nm and the highest (white) peaks on the right electrode are
limited to 70 nm height in the image. The shapes on the substrate are most likely
material collected by a liquid (possible water contamination) while drying up.
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Table 5.2: The number of working CNT FETs on each sample as well as measured
gate leaks and devices without a semiconducting response. Measurements were taken
without (left) and with (right) an additional Pd layer.

Sample

Original
Working FET Gate leak Other

Pd top layer
Working FET Gate leak Other
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were remeasured regardless. If the device was not measured after the deposition, the
device is marked in Table 5.2 with the same status as before. Therefore only the data
for FE'T operation is strictly comparable when the effect of the Pd layer is considered.

Individual measurements of the width of the hysteresis window and the ratio of
currents in on- and off-states are displayed in Tables 5.3 (samples with an additional
Pd layer) and 5.4 (no extra Pd layer). The ”"Device” column shows the sample and gap
numbers, while the ” Contents” column shows the CNT content of the gap, determined
from SEM micrographs. A number in this column tells the number of individual CNTs
bridging the gap, "n” is a network of CNTs, ”b” is a bundle of CNTs (at least one)
and "i” is a larger impurity bridging the gap, usually with a large number of CNTs.

The hysteresis window (first voltage in ”Width OFF”) is defined as the distance
between left and right threshold voltages at the off-state current level. The second
voltage is the whole gate voltage sweep, 6 V for all samples in this batch. For example,
the gate sweep curve for device DEP4_24 nt22 in Fig. 5.6 gives a hysteresis window of
3V /6 V and an on/off ratio of 50 in Table 5.4. The measurement result can also be
"leak” because of a current leak to the Si backgate or ”-” for other responses, such as a
device with no gate response at all or a semiconducting response without a hysteresis
window. If the result is empty, no measurements were made.

When considering only gaps that were measured both before and after, the number
of working FET devices dropped from 37 to 19 for the samples that received the coating
(Table 5.3). Hysteresis windows and on/off ratios did not generally show a significant
change in devices that were functional both before and after the processing.
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Table 5.3: Electrical measurements, samples without and with (C) a Pd top layer.
Explanations for the terms are in the text.

Device | Contents | Width OFF ON/OFF | C Width OFF C ON/OFF
23 4 i 0.5V / 6V 1.1 1V / 6V 1.2
239 1 1.5V / 6V 1.4 leak

2310 |1 oV /6V 2 ;

2313 | i 0.5V / 6V 1.1 0.5V / 6V 1.05
2316 | b 1V /6V 15 1V / 6V 1.2
2321 |1 2V / 6V 2 2.5V / 6V 2
2323 |2 - 1V / 6V 20
1219 |2 1.5V / 6V 1.7 leak

131 4 1V / 6V 1.5 leak

13 2 2 1.5V / 6V 6 leak

133 |1 IV /6V 13 -

13 11 2 2V / 6V 1.5 leak

1317 | i 0.5V / 6V 2 leak

1318 | 4 1.5V / 6V 1.2 leak

13 25 i 1.4V / 6V 1.55
41 |n 05V /6V 14 -

14 2 n 1.5V /6V 21 2.0V / 6V 2.04
144 |4 2V / 6V 1.2 0.5V / 6V 1.2
1421 |n 1V / 6V 1.3 leak

14 22 n 1.5V / 6V 1.2 1.6V / 6V 1.14
1423 | n 2V / 6V 1.3 1.34V / 6V 1.23
1424 |n 1V / 6V 1.4

82 2 25V / 6V 14 -

83 |5 oV /6V 1.6 2.5V / 6V 1.3
84 3 2V / 6V 2 2V / 6V 1.4
819 i 2.5V / 6V 4 -

91 1 2V / 6V 2 1.7V / 6V 1.83
92 2 1V / 6V 1.2 ;

93 3 1.5V / 6V 5 1.2V / 6V 1.88
94 i - 2.0V / 6V 4.16
97 n 0.2V / 6V 1.08
99 2 25V / 6V 2.3 -

912 3 2V / 6V 1.2 1.5V / 6V 1.18
10 8 3 1.5V / 6V 1.2 1.65V / 6V 1.32
109 3 1.5V / 6V 1.3 1.50V / 6V 1.29
1010 | 2 0.5V /6V 1.2 -

1025 |1 0.5V / 6V 1.2 leak

113 2 2V / 6V 1.6 1.13V / 6V 1.41
1117 |1 1.41V / 6V 1.87
15r 9 1 2V / 6V 1.2 -

15r 13 | n 2V / 6V 2.3 2V / 6V 1.5
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Table 5.4: Electrical measurements, samples without an additional attempt to improve
the CNT—electrode interface. Explanations in the text.

Gap | Contents | Width OFF ON/OFF
224 |3 IV/6V 15
229 |b 1.5V / 6V 1.16
2212 | n 1V / 6V 1.13
2213 | n 2V / 6V 2
2422 | 4 3V/6V 50
6r 23 | i 2V / 6V 10
1513 | 1 2V/6V 16
16 10 | 1 1.5V / 6V 1.2
219 |1 15V /6V 16
2116 | 3 2V /6V 13
2119 |1 2V / 6V 1.2
2123 | 17 IV/6V 3
2124 | 2 1V / 6V 1.2




Chapter 6

Conclusions

6.1 CNT trapping

The yield in trapping a single CNT was 12.5 % for the whole DEP4 batch with 550
electrode gaps evaluated. The electrical parameters used for trapping were the same
across all the evaluated samples, with only the CNT concentration varying between
samples. However, the amount of attached material on the gaps varied widely even
when the concentration was the same as well (Table 5.1). The CNTs were mechanically
tightly attached to the substrate after DEP deposition, as sonication and acetone were
unable to move them. RIE with oxygen was successful in cleaning samples from CNTs
and most impurities.

Individual samples had generally a very wide variety in the amount of CNT's trapped
in each gap. This points to inhomogeneity of the DCE suspension, because larger
assemblies (particles with diameters in micrometers) of CNTs had often been deposited
on the samples during trapping. The bundling and subsequent gathering of CNT's into
macroscopic particles was visible even with the bare eye a few hours after sonication.

A big practical problem seems to lie also in controlling the CN'T concentration of
the applied suspension in addition to its homogeneity. Different samples had a large
difference in trapped material even though the suspension was taken from the same
bottle at the same time and applied on the samples only minutes apart. However, the
samples which had the suspension with the lowest CNT concentration applied to them
had the highest average success rate (22 %).

Using surfactants during trapping would homogenize the suspension by preventing
bundling and subsequent accumulation into larger particles. This would improve the
yield for devices with a single SWCNT. The surfactants could be dissolved away after
deposition to ensure a good connection with the electrodes.

Another difficulty in placing the CNTs was the influence of the edges of the elec-
trodes, trapping CNTs uniformly across the electrode structure. Fringing fields from
the electrodes to the substrate contribute to this phenomenon, and using a dielectric
substrate such as glass might help in directing more CNTs to the gaps themselves. [41]
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Producing devices with crossed nanotubes was much more difficult, mostly because
the CNTs were deposited on all edges of the electrodes. This meant that adjacent
electrodes were most commonly connected rather than opposite ones, even though the
opposite electrodes had the DEP voltage applied to them. No functional crossed CNT
devices were produced, although some were close as observed with SEM (Fig 5.4).

The most common method in making circuits with CNT's involves spinning the sus-
pension on a surface and locating the tubes with AFM. With AFM images electrodes
connecting the tubes are designed and produced with electron beam lithography. This
method is more cumbersome than the presented assembly with DEP, but enables the
selection of specific tubes for electrical circuits. Spinning the suspension also contami-
nates the entire surface of the sample with tubes of random distribution and orienta-
tion. Direct growing of SWCNTSs on an electrode is possible, but this produces catalyst
contamination and the selectivity of CNTs is poor.

The yield in produced CNTFETS is acceptable for research applications, but it
could be improved using several refinements in the process. If a large CNT density is
needed specifically on electrodes, DEP is better than the other methods mentioned.

6.2 FET operation

When considering only the first time DEP was used on a sample, 47 working CNTFETs
with hysteresis were produced in 14 samples with 350 electrode gaps, but all of the
gaps were not characterized by electrical measurements. There was a problem with gate
leakage through the dielectric layer on many (about 40 %, Table 5.2) of the measured
devices. The AC DEP voltage used may have been a factor in this, but a test with
plain DCE in batch DEP10 suggested that the DEP procedure itself did not damage
the gate dielectric noticeably. However, the back gate voltage sweeps were limited to
+3 V, because higher voltages were found to produce a current leak through the gate
for some samples.

A more likely factor is the process of wire bonding. The gate used was the whole
silicon substrate (back gate), so the gate dielectric layer could have been damaged
under the bonding pads by the combined effect of scratching and ultrasonic excitation
by the wire bonder tip. Thicker dielectric layers can be used for a better insulation
and using a top gate might also remedy the situation.

The choice of the layered HfO, - TiOy - HfO, gate dielectric was due to a desire
to have a consistent hysteresis in V-1 curves [65] [10]. This hysteresis is usable in
memory devices, but is a hindrance in normal transistor operation. The sample batch
DEP4 had a yield of at least 13.4 % for CNTFETS suitable for memory element research
(Table 5.2). This yield can be improved by simply using a larger amount of CNT
material, as many devices with a lot of CNTs were functional and a large number of
attempts didn’t have tubes bridging the gap. However, the electrical contacts between
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the tubes and electrodes had very high resistances in most cases.

The ratio between conductances of on- and off-states was generally quite low, with
the majority of devices having a ratio below two. This was usually due to the semicon-
ducting channel not closing completely. Reasons for this might include the thin carbon
contamination layer deposited in the SEM and the inclusion of metallic tubes in some
devices. SEM imaging of the samples was justified even considering the contamina-
tion, because the other option for analysing the gaps, AFM, would have been much
too time-consuming considering the amount of samples involved. CNTFETSs produced
outside this work without electron beam exposure across the device have had on/off
ratios in the range of thousands (Fig. 1.11).

The Pd coating used in attempt to improve the contact between the electrodes and
the CNTs failed to remedy the situation as many FET devices stopped working (Table
5.3), presumably due to the damage sustained in the additional lithography process.
In addition to this, the figures of merit for memory devices (hysteresis window and
on/off ratio) did not see significant changes due to the extra layer.

Broken electrodes and other disconnections from the voltage sources to the gaps
during trapping and measurement were a factor in the poor yield in some devices. The
yield in working FETSs is further decreased by the inclusion of metallic tubes. The CNT
material used in the experiments was made by a non-selective catalytic CVD process,
and the tubes were not sorted by their electronic properties. Sorted semiconducting
tubes are currently commercially available [6], and using them would remove most of
the yield decrease due to this factor.
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List of abbreviations

ACEO
AFM
ALD

BZ
CMOS
CNT
CVD
DCE
DEP
DOS
EBID
FET
FFF
IPA
MIBK
MOSFET
MWCNT
PMMA
RIE
SEM
SDBS
SWCNT

alternating current electro-osmotic
atomic force microscope

atomic layer deposition

Brillouin zone

complementary metal-oxide-semiconductor
carbon nanotube

chemical vapor deposition
1,2-dichloroethane
dielectrophoresis

density of states

electron beam induced deposition
field-effect transistor

field-flow fractionation

isopropyl alcohol

methyl isobutyl ketone
metal-oxide-semiconductor field-effect transistor
multi-walled carbon nanotube
poly(methyl methacrylate)
reactive ion etching

scanning electron microscope
sodium dodecylbenzene sulphonate
single-walled carbon nanotube
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