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What I want to talk about is the problem of
manipulating and controlling things on a small scale.

Richard P. Feynman (1918-1988)
in There’s Plenty of Room at the Bottom on December 29, 1959.





Abstract

The dielectrophoretic integration of carbon nanostructures for parallel sensor assem-
bly is reported in the present thesis. The aim is to provide a viable avenue to ensure
continuous miniaturization toward nanoelectromechanical systems (NEMS), driven
by cost reduction, enhanced device functionality, and improved energy efficiency. It
is proposed to employ directed assembly of high-symmetry low-dimensional ma-
terials, while always allowing parallel integration. For this purpose, the electroki-
netic framework of dielectrophoretic deposition devices is first developed, in order
to understand and exploit the occurrence and interaction of the different under-
lying effects in capacitively coupled systems when moving nano-sized particles to
desired locations. In the following, a method for dispersing surface-synthesized
individual single-walled carbon nanotubes (SWNTs) in ultrapure and long-term sta-
ble aqueous solutions by low energy input is introduced, which is necessary for
the successful high-yield dielectrophoretic deposition of these one-dimensional car-
bon nanostructures. Electrical characterization on 223 low-resistance devices evi-
dences the high quality of the SWNT solutions, raw material and contact interface.
Subsequently, the dielectrophoretic separation of individual metallic SWNTs from
heterogeneous solutions is proven. Their simultaneous deposition between elec-
trodes is confirmed by direct electric transport measurements. A threshold sepa-
ration frequency of 188 MHz is extracted from a surface-conductivity model and
a conductivity weighting factor introduced to elucidate the separation frequency
dependence. To show the versatility of the introduced methods, the parallel inte-
gration of SWNT based piezoresistive pressure sensors is demonstrated. Carbon
nanotubes are dielectrophoretically placed at the membrane edges, the positions of
largest strain. Highest sensitivity of the long-term stable devices is achieved in the
off-state of small band gap carbon nanotubes (SGS-SWNTs), reaching values as high
as S0 ∼ 0.25 ∆R/R/bar, at a resolution better than 50 mbar, and power consumption
of less than 40 nW. In the end, the dielectrophoretic integration of single- and few-
layered graphenes, two-dimensional carbon nanostructures, is demonstrated. The
above accomplishments allow new approaches to counter ongoing miniaturization
efforts. Low cost solution based technologies are capable of assembling functional
transducer elements up to 3 orders of magnitude smaller than the current state of
the art while enhancing sensor resolution and significantly reducing drive current
requirements.
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Zusammenfassung

In der vorliegenden Doktorarbeit wird die dielektrophoretische Integration von Koh-
lenstoffnanostrukturen für deren parallele Sensorfabrikation untersucht. Ziel ist es
dabei die Miniaturisierung von nanoelektromechanischen System weiterzuentwick-
eln, angetrieben von Kosteneinsparungen, erhöhter Funktionalität und reduziertem
Energieverbrauch. Die gezielte Anordnung von Materialien hoher Symmetrie und
niedriger Dimensionalität wird dafür in dieser Arbeit erforscht, unter Beibehal-
tung der parallelen Integrationsfähigkeit. Zu diesem Zweck wird zuerst das elek-
trokinetische Verhalten von dielektrophoretischen Ablagerungssystemen beschrie-
ben, um die auftreten Effekte und deren Interaktion in kapazitiv gekoppelten Syste-
men vollständig zu verstehen und dann gezielt ausnutzen zu können, wenn Partikel
in der Grössenordnung von einigen Nanometern mit hoher Effizienz gezielt auf eine
Position gelenkt werden sollen. Im Folgenden wird eine Methode eingeführt, um
mit niedrigem Energieaufwand einwandige Kohlenstoffnanoröhrchen, die in einem
Oberflächenwachstumsprozess hergestellt worden sind, individuell in hochgradig
sauberen und langzeitstabilen wässrigen Lösungen zu dispergieren. Diese Lösun-
gen sind überaus bedeutend für eine hohe dielektrophoretische Integrationsaus-
beute dieser eindimensionalen Kohlenstoffnanostrukturen. Die elektrische Charak-
terisierung an 223 Einheiten mit niedrigem Widerstand bescheinigt die hohe Qualität
der Kohlenstoffnanoröhrchenlösung, des Ausgangsmaterials und der elektrischen
Kontakte. Anschliessend wird die dielektrophoretische Trennung von einzelnen
metallischen Kohlenstoffnanoröhrchen aus heterogenen Lösungen nachgewiesen.
Direkte elektrische Transportmessungen bestätigen ihre simultane Ablagerung zwi-
schen Elektroden. Eine Trennungsfrequenz von 188 MHz wird von einem Ober-
flächenleitfähigkeitsmodell entnommen und die Abängigkeit der Trennungsfrequenz
von einem eingeführten Leitfähigkeitsverhältnises untersucht. Die Vielseitigkeit der
entwickelten Methoden wird durch die parallele Integration von Kohlenstoffnano-
röhrchen in piezoresistive Drucksensoren unter Beweis gestellt. Kohlenstoffnano-
röhrchen werden dielektrophoretisch gezielt auf den Positionen grösster Dehnung,
den Membranrändern, angebracht. Höchste Sensitivität von diesen langzeitstabilen
Sensoren wird bei Kohlenstoffnanoröhrchen mit kleiner Bandlücke im Bereich des
kleinsten Transistorstroms gemessen. Die Sensitivität erreicht Werte von bis zu
S0 ∼ 0.25 ∆R/R/bar bei einer Auflösung von mehr als 50 mbar und einem En-
ergieverbrauch von weniger als 40 nW. Abschliessend wird die dielektrophoretis-
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che Integration von einzel- und mehrschichtigen Graphenen, zweidimensionalen
Kohlenstoffnanostrukturen, demonstriert. Die Ergebnisse dieser Arbeit ermöglichen
neue Ansätze für die weitere Elektronik-, Mikro- und Nanosystemminiaturisierung.
Kostengünstige lösungsbasierte Prozesse erlauben die Herstellung von Sensoren mit
aktiven Elementen bis zu drei Grössenordnungen kleiner als der derzeitige Stand
der Technik bei gleichzeitig erhöhter Sensitivität und signifikant reduziertem En-
ergieverbrauch.
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1 Introduction

1.1 Context

Fifty years ago, on December Plenty of Room29, 1959, Richard Feynman delivered a perspective
presentation to a meeting of the American Physical Society at the California Institute
of Technology [1]. What is often considered today as nanotechnology’s seminal
paper, There’s Plenty of Room at the Bottom, subtitled An Invitation to Enter a New Field
of Physics, was not immediately recognized in its significance, however.

It Nano-
technology

was not until the invention of the scanning tunnelling microscope (STM) in
the early 1980s by Gerd Binning and Heinrich Rohrer [2], enabling atomic scale
resolution and allowing the manipulation of individual atoms by Donald Eigler in
1990 [3], that Nanotechnology truly emerged as a major field of research.

These Moore’s Lawbreakthroughs would not have been possible, though, without the contin-
uous advances in miniaturization driven by the semiconductor industry. Early ob-
servations by Gordon Moore in 1965, that the number of components in integrated
circuits had doubled every year since its invention, lead to his prediction that the
trend would continue for at least ten years [4]. To date, the prediction has proven to
be uncannily accurate.

The Miniaturi-
zation

major driving forces behind miniaturization are cost reduction, device func-
tionality and energy efficiency. The enablers which counter these market forces are
novel materials and new process technologies. Naturally, research benefits from the
outcomes and can develop, amongst others, innovative characterization tools and
techniques, such as the STM for instance, which foster and encourage the miniatur-
ization trend alike.

Today, State of the Artsemiconductor industry is mainly based on silicon (Si) as device material
and complementary metal-oxide-semiconductor (CMOS) processes for fabrication,
allowing the integration of complex microelectromechanical systems (MEMS) into
sensors and actuators.

Most The Transistorof the approaches still heavily rely on a few ground breaking discoveries,
starting with the first point-contact transistor, invented in 1947 by John Bardeen and
Walter Brattain [5], shortly followed by William Shockley’s work on p-n junctions and
bipolar transistors in 1949 [6]. The first silicon solar cell was developed in 1954 by
Chapin et al. [7] The most important device for advanced integrated circuits today is
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1 Introduction

the metal-oxide-semiconductor field-effect transistor (MOSFET), which was reported
by Kahng and Atalla in 1960 [8].

TheIntegrated
Circuits

first integrated circuit (IC) was fabricated by Jack Kilby in 1959 [9]. Later in
1959, Robert Noyce made the first monolithic IC [10]. The processes already relied
on lithography for patterning and ion implantation for semiconductor doping.

ProgressThesis Scope in miniaturization, in the semiconductor, as well as in the MEMS in-
dustry, has lead feature sizes venture into the nanometer size regime. To enable
continuous miniaturization, though, novel materials and new process technologies
must be researched, as some of the materials and fabrication techniques used to date
will ultimately run into fundamental physical barriers. Therefore, it is proposed to
move away from top-down fabrication processes toward directed assembly and use
high-symmetry low-dimensional materials, while always allowing parallel assembly.

In the present thesis, theThesis Goal dielectrophoretic integration of carbon nanostructures
for parallel sensor assembly is proposed as a possible avenue to achieve this goal.

DielectrophoresisDielectro-
phoresis

(DEP) is a phenomenon in which a force is exerted on a dielectric
particle when it is subjected to a non-uniform electric field and was discovered by
Herbert Pohl in 1951 [11]. The strength of the force depends on the medium and
particles’ electrical properties, on the particles’ shape and size, as well as on the
frequency of the electric field. Consequently, fields of a particular frequency can
manipulate particles with great selectivity. The phenomenology is described in detail
in a number of works, notably by Pohl [12], Jones [13], and Morgan and Green [14].

Carbon nanostructuresFullerenes , also known as fullerenes, are carbon allotropres in the
form of a hollow sphere, ellipsoid, or tube. The first fullerene to be discovered, and
the family’s namesake, was buckminsterfullerene C60, synthesized in 1985 by Robert
Curl, Harold Kroto and Richard Smalley [15].

Single-Walled Carbon NanotubesCarbon
Nanotubes

are cylindrical carbon structures and were si-
multaneously discovered by Sumio Iijima [16] and Bethune et al. [17] in 1993. They
exhibit extraordinary strength and unique electrical properties, and are efficient ther-
mal conductors. Their electrical conductivity can show metallic or semiconducting
behavior, which make them potentially useful in many applications ranging from
electronics, optics, mechanics, and other fields of materials science. Multiple refer-
ence works describe their special physical properties and potential uses [18–23].

GrapheneGraphene , finally, is a one-atom-thick planar sheet of sp2-bonded carbon atoms
that are densely packed in a honeycomb crystal lattice. When Andre Geim and
Kostya Novoselov managed to extract single-atom-thick crystallites (graphene) from
bulk graphite in 2004, a large interest in graphene emerged, essentially because of
its unique physical properties [24]. In depth reviews of graphene properties and
applications are available in the meantime [25–27].

TheNEMS above mentioned elements are therefore considered to help make the vision
of nanoelectromechanical systems (NEMS) ultimately become a reality [28].

2



1.2 Thesis Outline

1.2 Thesis Outline

The outline of the thesis is given in the following.

Chapter 2 - Electrokinetic Framework of Dielectrophoretic Deposition

First, the electrokinetic framework of dielectrophoretic deposition devices is intro-
duced. Understanding the occurrence and interaction of the different underlying
effects in capacitively coupled systems, including a self-limiting integration mecha-
nism for individual nanostructures, allows gentler particle handling without direct
current throughput at an increased deposition yield.

Chapter 3 - Single-Walled Carbon Nanotube Aqueous Dispersion

A method for dispersing surface-synthesized individual, long, and large-diameter
(1− 3 nm) SWNTs in ultrapure and long-term stable surfactant-stabilized aqueous
solutions by low energy input is presented in the following. Dielectrophoretic de-
position and electrical characterization evidence the the high quality of the SWNT
solutions, raw material, and contact interface.

Chapter 4 - Selective Dielectrophoretic Integration of Metallic SWNTs

Subsequently, the dielectrophoretic separation of individual metallic SWNTs from
heterogeneous solutions is presented. Their simultaneous deposition between elec-
trodes is confirmed by direct electric transport measurements. A threshold sepa-
ration frequency of 188 MHz is extracted from a surface-conductivity model and a
conductivity weighting factor introduced to elucidate the separation frequency de-
pendence.

Chapter 5 - Parallel SWNT Based Pressure Sensor Assembly

To show the versatility of the introduced methods, the parallel integration of SWNT
based piezoresistive pressure sensors is demonstrated. Carbon nanotubes are dielec-
trophoretically placed at the membrane edges, ultimately the positions of highest
strain. Highest sensitivity of the long-term stable devices is achieved in the off-
state of small band gap carbon nanotube transistors (SGS-CNFETs), reaching values
as high as S0 ∼ 0.25 ∆R/R/bar, at a resolution better than 50 mbar, and a power
consumption of less than 40 nW.

3



1 Introduction

Chapter 6 - Few-layer Graphene Oxide Dielectrophoresis

Graphene handling is still dominated by serial mechanical exfoliation, which may
well facilitate measurements in a laboratory environment but does not allow reliable
larger-scale integration. Herein, the controlled, high-yield, site-selective deposition
of ultrathin few-layer (three to ten) graphene oxide by dielectrophoresis between
prefabricated electrodes is demonstrated.

Chapter 7 - Dielectrophoretic Graphene Integration

In the final chapter, the dielectrophoretic integration of single- and few-layered
graphenes from three distinct graphene suspensions is presented. Results indicate,
that the most crucial aspect for the successful thin flake deposition is the solution
quality of the exfoliated graphene.

4



2 Electrokinetic Framework of
Dielectrophoretic Deposition
Devices

Parts of this chapter are published in:

B. R. Burg, V. Bianco, J. Schneider & D. Poulikakos. Electrokinetic framework of dielec-
trophoretic deposition devices. Journal of Applied Physics 107, 124308 (2010).

Abstract

Numerical modeling and experiments are performed investigating the properties of
a dielectrophoresis-based deposition device, in order to establish the electrokinetic
framework required to understand the effects of applied inhomogeneous electric
fields while moving particles to desired locations. By capacitively coupling elec-
trodes to a conductive substrate, the controlled large-scale parallel dielectrophoretic
assembly of nanostructures in individually accessible devices at a high integration
density is accomplished. Thermal gradients in the solution, which give rise to lo-
cal permittivity and conductivity changes, and velocity fields are solved by cou-
pling electric, thermal and fluid-mechanical equations. The induced electrother-
mal flow causes vortices above the electrode gap, attracting particles, such as single
walled carbon nanotubes (SWNTs), before they are trapped by the dielectrophoretic
force and deposit across the electrodes. Long-range carbon nanotube transport is
governed by hydrodynamic effects, while local trapping is dominated by dielec-
trophoretic forces in low concentration SWNT dispersions. Results show that by
decreasing the ac frequency ac electroosmosis on the metallic electrodes occurs due
to the emergence of an electric double layer, disturbing the initial flow pattern of
the system. By superimposing a dc potential offset, a generated tangential elec-
troosmotic fluid flow in the dielectric electrode gap also disrupts the electrothermal
flow. Capacitive coupling is most efficient in the high frequency regime where it
is the dominating impedance contribution. Understanding the occurrence and in-
teraction of these different effects, including a self-limiting integration mechanism
for individual nanostructures, allows an increased deposition yield at overall lower
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2 Electrokinetic Framework of Dielectrophoretic Deposition Devices

electric field strengths through a prudent choice of electric field parameters. The
findings provide important avenues toward gentler particle handling, without direct
current throughput, a relevant aspect for limiting process effects during device fabri-
cation, all while increasing dielectrophoretic deposition efficiency in nanostructured
networks.

2.1 Introduction

SolutionSolution
Processing

processing of electronic devices is becoming a growing field of interest due
to the ability to cover large areas, the low cost of fabrication and the ease of process-
ing. Post synthesis fabrication techniques offer attractive alternatives in contrast to
the often involved high temperatures for the growth of nanoscale materials. In par-
ticular the assembly of single-walled carbon nanotubes (SWNTs) from stable disper-
sions is attracting a large amount of interest. The exceptional electronic properties
of SWNTs make them promising building blocks for future nanoscale electronic and
electromechanical devices [29].

OneSWNT DEP approach for out-of-solution guided assembly of individual SWNTs is dielec-
trophoresis (DEP) [11]. Dielectrophoresis allows the site-selective parallel integration
of these one-dimensional nanostructures onto prefabricated electrodes by applying
inhomogeneous electric fields enabling multiple (beyond two) point contacting [30].

Capacitive
Coupling

By capacitively coupling one of the electrodes in the system to a conductive substrate
separated by an insulating oxide layer, direct current throughput through the nanos-
tructures is avoided during the assembly process, while minimal external contacting
enables large-scale assembly [31,32]. The dielectrophoretic integration of SWNTs has
been demonstrated from a wide range of solutions involving different solvents and
starting raw material [32–34]. The conductivity dependent separation of SWNTs by
DEP is also possible and is an inherent process characteristic [35].

InElectrokinetic
Framework

order to understand, explain and quantify the underlying and occurring phe-
nomena, an electrokinetic framework must be developed, which includes all hydro-
dynamic and direct particle effects in dielectrophoretic deposition devices. Qualita-
tive, as well as quantitative insights may be thus gained to increase the deposition
yield by adopting the device design and parameter settings. Previous theoretical
studies have investigated direct particle effects [36], traveling wave dielectrophore-
sis [37], and direct electrode coupling [38], but a more general framework is still
lacking.

ANumerical
Simulation

comprehensive numerical study involving all effects from imposed sinusoidal
voltage potentials in capacitively coupled dielectrophoretic deposition devices suited
for large-scale integration will be introduced in the following. The phenomena in-
clude Joule heating from applied electric fields in aqueous electrolyte solutions, sub-
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2.2 Numerical Model

sequent emergence of permittivity and conductivity gradients in the solution leading
to fluid flow, electroosmotic effects, and dielectrophoretically induced particle forces
on the dispersed SWNTs, ultimately leading to their trapping between the electrodes.

In Experimental
Confirmation

the end, experimental results confirm the conclusions drawn from the numerical
simulations. SWNT solutions were prepared by removing surface-synthesized car-
bon nanotubes grown in a chemical vapor deposition (CVD) process by a low-energy
ultrasonic pulse to produce long-term stable 1 wt % sodium dodecylbenzenesul-
fonate (SDBS) surfactant-stabilized aqueous solutions. The SWNT concentration in
the diluted solutions is determined to lie in the range of 1 nanotube/(10 µm)3 [34].
Dielectrophoretic deposition of the carbon nanotubes was performed on chips made
up of individually accessible electrodes in the range of 1 − 2 µm, according to a
previously published account [34].

2.2 Numerical Model

2.2.1 Geometry

In Chip Templatethe performed numerical studies, a model geometry was adopted which best
matches the actual devices used in experimental studies. The chips, illustrated
schematically in Figure 2.1, consisted of 20 individual positions available for dielec-
trophoretic deposition. The sinusoidal potential was applied to the large, connected
bias electrode which extends to the finger electrodes where the dielectrophoretic de-
position takes place. The counter electrodes remained floating during the deposition
process to insure capacitive coupling to the grounded p-type doped silicon substrate,
separated by an insulating dry thermal oxide layer [34].

The Model
Geometry

investigated geometry was slightly simplified for the numerical modeling,
without loss of generality. Simulations were carried out on a two-dimensional cross-
section of the chip, in order to limit the computational cost resulting from the large
differences in length scales involved. The modeled chip domain only contains one
electrode gap, located symmetrically at the center of the simulation domain. Fig-
ure 2.1 shows the dimensions of the different elements. The electrodes include the
large bond pads as these are prevalent on the chip surface. The gap between the
electrodes is 1 µm wide, as in the experiments and the substrate thickness is 500 µm.
Above the oxide thickness of 285 nm, a solution droplet of 0.5 mm height is imposed.

All simulations were carried out using an alternative current (ac), quasi-static anal-
ysis. By grounding the silicon substrate, the floating counter electrode it thus capac-
itively coupled to the system.
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Figure 2.1: Chip and model geometry (not to scale). The simulation domain was chosen
to best match actual devices used in experimental studies. All dimensions are noted.
To limit computational costs, simulations were carried out on a two-dimensional cross-
section of the chip. The geometry is symmetric around the electrode gap. Nonetheless
the entire domain was modeled, since different boundary conditions apply on the elec-
trodes.

2.2.2 Electrical Model

ForElectric
Potential

a sinusoidal potential on the bias electrode with peak voltage Vp, the potential
distribution in the system of homogeneous linear dielectrics is determined by solving
the equation for time harmonic quasi-statics electric current analysis:

−∇ · ((σ + iωεrε0)∇φ̃) = 0, (2.1)

with σ and εr being the conductivity and permittivity, respectively, of the dielectrics.
φ̃ is the complex phasor of the harmonic potential oscillating at angular frequency
ω, and contains all amplitude and phase information but is independent of the time
t: φ(x, t) = φ̃(x)eiωt. The real part of φ(x, t) represents the magnitude of the applied
potential. For a constant phase in the system the potential phasor remains real [14].

FromElectric Field the electroquasistatic Maxwell equations it is possible to deduce that the
electric field in the system is irrotational [39, 40]:

E = −∇φ. (2.2)
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2.2 Numerical Model

The Boundary
Conditions

highly p-type doped silicon substrate is grounded during the electrical simu-
lation (V = 0) and consequently only the fluid and silicon oxide (SiO2) domains are
solved in the numerical model. At the fluid-SiO2 material interface the current den-
sity J, defined as J = σE for a homogeneous linear dielectric, remains constant and
the following boundary condition applies: n · (Jm − JSiO2) = 0. Electric insulation
is assumed at the model boundaries due to the large size of the simulation domain:
n · J = 0. Since the electric field is concentrated around the electrode gap and no
significant gradients at the model edges exist, the electric insulation boundary con-
dition is essentially equivalent to a symmetry boundary condition for the present
conditions. The second electrode in the system is modeled as floating potential and
is solved by applying an electric shielding boundary condition. The capacitive cou-
pling of the second electrode is thus made possible.

2.2.3 Thermal Model

The Joule Heatingelectric field in the system causes electric currents to arise in the electrolyte
solution, which in turn give rise to Joule heating:

Q =
〈

σ |E|2
〉
=

1
2

σ |E|2 . (2.3)

This Energy
Equation

power generation in a very small volume induces a considerable tempera-
ture increase in the affected area. The energy balance equation allows the entailed
temperature distribution, T, to be determined:

∇ · (−k∇T)−Q = 0, (2.4)

where k is the thermal conductivity of the medium, assumed to remain constant
within the limited temperature range. Viscous dissipation effects are neglected and
for sufficiently high frequencies the equation can be simplified to the steady state
case. Also, convection effects in the system are negligible due to the small geometry
and low fluid velocities involved. No Joule heating is expected to occur in the silicon
oxide dielectric [41].

All Boundary
Conditions

domains of the model are solved for their temperature distribution. The top
and bottom side of the geometry are kept at a fixed surrounding temperature: T =
T0. On the edges, a symmetry boundary condition is applied: −n · (−k∇T) = 0.
Because the edges of the modeled system are far away from the concentrated power
generation near the electrode gap and temperature gradients are practically non-
existent at the edges, this boundary condition is a valid assumption.
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2 Electrokinetic Framework of Dielectrophoretic Deposition Devices

2.2.4 Hydrodynamic Model

ElectrothermalNavier-Stokes
Equation

fluid flow arises from the action of an electric field on inhomo-
geneities in the solution medium induced by temperature gradients. The velocity
of the fluid, u, is described by the steady-state Navier-Stokes equation, together
with the mass conservation equation for an incompressible fluid:

ρ (u · ∇) u = −∇p + µ∇2u + fe (2.5)
∇u = 0, (2.6)

where ρ is the density, p the pressure, and µ the dynamic viscosity of the fluid.
The electric force density, also known as electrothermal force, fe, is added as a body
force to the Navier-Stokes equation. Buoyancy forces are neglected as well as inho-
mogeneities in the viscosity caused by the temperature field, which are small [41].

No-slipBoundary
Conditions

conditions are imposed on all boundaries of the fluid domain: u = 0.
In certain situations, however, it may be necessary to introduce a slip condition
on the metallic electrodes to take the emergence of ac electroosmosis into account,
especially in the low frequency regime: u0 = uaceo [42]. The same applies when a dc
offset is imposed between two electrodes and a slip condition on the dielectric silicon
oxide substrate has to be introduced to account for dc electroosmosis: u0 = udceo [43].

Electrothermal Flow (ETF)

LocalElectrothermal
Force

heating of the fluid gives rise to permittivity and conductivity gradients, which
in turn generate a body force on the fluid. This electrothermal force written in terms
of the temperature gradient is equal to [41, 44]

fe = ρE− 1
2
|E|2∇εm (2.7)

=
1
2

Re
[

σmεm (α− β)

σm + iωεm
(∇T · E) E∗ − 1

2
εmα |E|2∇T

]
, (2.8)

with α = (1/εm) (∂εm/∂T) ≈ −0.4% K−1 [45] and β = (1/σm) (∂σm/∂T) ≈ 2% K−1

[45]. E∗ is the complex conjugate of the electric field. At low frequencies the first
term in the equation, the Coulomb force, dominates and at high frequencies the
second term, the dielectric force, takes over. The two forces act in different directions
over a certain range of frequencies, resulting in a changing flow pattern [41, 44].

AC Electroosmosis (ACEO)

ACACEO electroosmotic fluid flow, originating from a tangential electric field on the elec-
trical double layer at the electrolyte-electrode interface, may emerge from sinusoidal
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2.2 Numerical Model

potentials under specific frequency conditions. Alternating currents generate diver-
gent electric fields in the planar electrode array of the dielectrophoretic deposition
device and as a result, a component of the electric field lies tangential to the electri-
cal double layer and is induced on the electrode surface. Ions in the diffuse double
layer experience a force that has a time average that acts from the inner edge across
the outer surface of the electrode. These charges migrate as a consequence and gen-
erate a drag flow in the fluid, which is zero directly at the slip-plane and gradually
increases to the maximum velocity uaceo. If the double layer characteristic thickness
λD, also known as the Debye length, is very small compared to the characteristic
length in vertical direction, the fluid can be assumed to slip at the surface. Slip VelocityThe
time averaged ac electroosmotic slip velocity is derived from a generalization of the
Smoluchowski formula [14, 46, 47]

uaceo = Λ
εmV2

p

8µx
Ω2

(1 + Ω2)
2 , (2.9)

with the non-dimensional frequency Ω given by

Ω =
πεmωx
2σmλD

. (2.10)

x denotes the distance in horizontal direction from the center of the electrode gap
and the factor Λ is the relative capacitance of the stern layer with respect to the
overall double layer capacitance and depends primarily on the conductivity of the
electrolyte. The value was extrapolated from previous studies at lower solution
conductivities to match the observed trend and was ultimately set to Λ = 0.01 [47].

The obtained velocity profile is highly frequency dependent and tends to zero
at low and high frequency limits with a maximum velocity at Ω = 1. For high
frequencies, the surface charge is very low as the electric double layer does not have
sufficient time to establish itself, whereas at low frequencies, the applied potential
drops mainly across the double layer, thus leading to very small electric fields in the
solution.

DC Electroosmosis (DCEO)

If DCEOan electric field is tangentially applied to a solid surface bathed in an electrolyte,
the charges in the double layer of the electrolyte experience a force. These charges
migrate as a consequence and generate a drag flow in the fluid, which is given by the
Helmholtz-Smoluchowski equation for the maximum velocity just above the double
layer [43]

udceo = −
εmζ

µ
Ex. (2.11)
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2 Electrokinetic Framework of Dielectrophoretic Deposition Devices

ζ is the zeta-potential at the slip-plane between the micelle forming surfactant solu-
tion and silicon oxide dielectric and Ex is the electric field magnitude tangential to
the solid surface. If the double layer thickness is very small compared to the char-
acteristic length in vertical direction, the fluid can be assumed to slip at the surface.
This net flow over the electric double layer only occurs above dielectric materials
where the tangential electric field can be established, in contrast to ac electroosmosis
which only occurs above conductive materials because the potential drop across the
SiO2/electrolyte interface is negligibly small under ac conditions [42].

2.2.5 Particle Model - Dielectrophoresis (DEP)

ADEP dielectrophoretic force on a particle arises from the interaction of a non-uniform
electric field on an induced particle dipole. This force does not require the particle
to be charged and purely relies on its polarizability. Particles move toward regions
of high electric field strength if the polarizability of the particles is greater than that
of the suspending medium, otherwise they are repelled. Without a spatially varying
phase, the dielectrophoretic force on a rod-shaped ellipsoid particle with its major
axis parallel to the electric field lines equals [14]

〈FDEP〉 =
1
2
[Re (p̃ · ∇) E∗] =

1
4

vRe [α̃]∇ (E · E∗) (2.12)

=
πabc

3
εmRe

{
ε∗p − ε∗m

ε∗m

}
∇ |E|2 , (2.13)

with a, b, and c being the half lengths of the major ellipsoid axes, and ε∗p and ε∗m
the complex permittivity of the particle and suspension medium, respectively. For
a constant particle size in a given solution, the magnitude of the dielectrophoretic
force at a specific location solely depends on the complex permittivity of the particle
ε∗p = εp − i σp

ω [14].
TheClausius-

Mossotti
Factor

frequency dependency of the dielectrophoretic force is described by the Clau-
sius-Mossotti factor

fCM =

{
ε∗p − ε∗m

ε∗m

}
. (2.14)

In the low frequency limit the real part of the Clausius-Mossotti relation is only
dependent on the conductivities of the particle and suspending medium, as the free
charge carriers have enough time to adapt to the changing direction of the electric
field. Conversely, in the high frequency limit the polarization is dominated by the
permittivities of the particle and suspending medium, as the free charge carriers do
not have enough time to adapt to the orientation changes of the electric field and
the polarizability of the electron clouds around the atoms becomes the dominant

12
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Variable Description Value Reference

kH2O Water thermal conductivity 0.6 W (m K)−1 [45]
kSi Silicon thermal conductivity 163 W (m K)−1 [45]
kSiO2 Silicon dioxide thermal conductivity 1.4 W (m K)−1 [45]
l = (2c) SWNT length 2.5 · 10−6 m
2r(= 2a = 2b) Diameter of micellized SWNT 3 · 10−9 m
T0 Surrounding temperature 298 K
Vp Peak voltage potential 2 V
ε0 Vacuum permittivity 8.854 · 10−12 F m−1 [45]
εm Water permittivity 80ε0 [45]
σp,mSWNT mSWNT conductivity 103 S m−1 [48]
εp,sSWNT sSWNT permittivity 5ε0 [48]
ζ Zeta potential 25 mV [49]
λD Debye length 1 nm
µ Dynamic viscosity of water 0.890 · 10−3 Pa s [45]
σm Solution conductivity (1 wt % SDBS) 0.250 S m−1 measured
εp,mSWNT mSWNT permittivity 103ε0 [48]
σp,sSWNT sSWNT surface conductivity 2.88 S m−1 [48]
ω = 2 f Angular frequency 2π(0.1− 200) MHz

Table 2.1: Variables and corresponding values used in the numerical simulations for the
investigation of the electrokinetic framework in dielectrophoretic deposition devices.

mechanism for surface charging. A change in the polarizability of the particles
with respect to the suspending medium at a particular crossover frequency causes
a change of sign in the Clausius-Mossotti factor and consequently an inversion of
the dielectrophoretic force direction. The values of the particle conductivity and
permittivity for SWNTs are extracted from a previous study [48].

The Particle
Velocity

particles suspended in the fluid are accelerated by the deterministic dielec-
trophoretic force and experience an increasing drag force, known as the Stokes drag,
until they reach a terminal velocity beyond which they do not accelerate anymore. If
the fluid is in motion itself, this terminal velocity also depends on the velocity of the
fluid. For times much greater than a characteristic time constant τa = m/ f , where m
is the mass of a particle and f is its corresponding friction factor, the particle moves
at the terminal velocity [50]

uSWNT = u +
FDEP

f
. (2.15)
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Figure 2.2: Flowchart of the model. The origin of all phenomena arises from the potential
fields. Direct particle effects resulting from dielectrophoresis and hydrodynamic effects
may be separated in their analysis and ultimately lead to particle movement in the
system.

The friction factor for a rod-shaped particle moving at random equals [14]

f =
3πµl

ln (l/r)
. (2.16)

2.2.6 Variables

Table 2.1Variables shows the variables and corresponding values used in the numerical sim-
ulations for the investigation of electrokinetic effects in dielectrophoretic deposition
devices.

2.2.7 Solution Strategy

TheSequential
Solver

differential equations developed to solve for the electric field, temperature distri-
bution and fluid dynamics of the system are coupled, but may be solved sequentially
in the specific case to be studied. A schematic overview of the developed model and
involved system forces is given in Figure 2.2.

The origin of all effects resides in the applied potential. This induces direct par-
ticle effects resulting from dielectrophoresis and hydrodynamic phenomena either
induced by electrothermal flow arising from Joule heating or by electroosmosis.
Brownian motion is neglected.
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The COMSOLsystem was solved using a commercial software package (COMSOL MULTI-
PHYSICS v3.5a). A sensitivity analysis was carried out to ensure grid independence
and a structured mesh with 107 000 elements was adapted in the finite element
method (FEM) simulation, with a higher density of grid elements in the vicinity of
the electrode gap.

2.3 Electrokinetic Framework Results

2.3.1 Impedance Analysis

Impedance Back Gate
Impedance

measurements of capacitively coupled dielectrophoretic deposition de-
vices are important to understand the electrical contributions of all system elements
during dielectrophoresis. The impedance was measured between the bias electrode
(BE) and counter electrode (CE) of the chip, using an impedance analyzer (Solar-
ton SI 1260) and neglecting contributions from the leads. As shown in Figure 2.3,
an equivalent circuit of two capacitors connected from each electrode to the back
gate (BG) through the oxide layer can be adopted for a bare chip without electrolyte
solution on top. The capacitance of the system will be dominated by the capacity be-
tween the counter electrode and back gate CCE−BG, as the counter electrode is about
10 times smaller than the bias electrode. From measurements, an overall back gate
capacitance of CBG ≈ 10 pF is extracted.

By Double Layer
Impedance

adding electrolyte solution on top of the chip, an additional fluid resistance
and capacitance, as well as a constant phase element (CPE) must be introduced to
the equivalent circuit. The constant phase element is used to model the double
layer between the electrodes and the electrolyte and has an impedance of ZCPE =

1
Cdl(iω)p , where p characterizes the imperfect capacitance of the double layer [14].
By numerically fitting the model to the impedance measurements, a double layer
capacitance of Cdl ≈ 50nF with an exponent of p ≈ 0.8 is found. The capacity in
the electrolyte solution is approximated from impedance measurements made with
de-ionized (DI) water. Figure 2.3 illustrates the good agreement between the model
fit and the obtained measurements in 1 wt % SDBS aqueous solutions.

In figure 2.3, three 3 Regionsregimes are distinguished in the impedance measurements for
chips covered by electrolyte solution. At frequencies below 50 kHz, the double layer
capacitance dominates the impedance. At frequencies between 50 kHz and 1 MHz,
the impedance is governed by the conductance of the electrolyte, thus barely depen-
dent on the frequency. At frequencies above 1 MHz, the impedance is predominantly
influenced by the back gate capacitance. In this frequency range the capacitive elec-
trode coupling for parallel dielectrophoretic deposition is the most efficient.

It Debye Lengthcan be deduced from the impedance analysis, that ac electroosmosis affects
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Figure 2.3: Impedance spectroscopy of the dielectrophoretic deposition device. (a) Bare chip
modeled by the back gate capacitance CBG. (b) For an electrolyte solution on the chip,
a (non-ideal) double layer capacitance is integrated into the equivalent circuit using
a constant phase element. (c) Impedance measurements between the bias and counter
electrode. The dashed line is a fit to the electrolyte-chip impedance using the equivalent
circuit. The three regimes of the system impedance are clearly distinguished.

fluid flow mainly below 100 kHz, where a stable double layer formation occurs. By
assuming that the measured double layer capacity is governed by the small counter
electrode and by treating the double layer as an ideal capacitor, the Debye length can
be roughly estimated:

λD = εmε0
ACE

Cdl
≈ 1 nm. (2.17)

This is in good agreement with estimations for monovalent, symmetrical and fully
dissociated salt in aqueous solutions [43].

2.3.2 Electric Potential Distribution

Solving1 MHz the time harmonic quasi-statics potential distribution in the dielectrophoretic
deposition device gives insights into the capacitive electrode coupling embedded in
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Figure 2.4: Electric potential distribution at 1 MHz, 10 MHz, and 100 MHz. Below 10 MHz
the solution conductivity is still dominant and the capacitive coupling limited. There-
fore the counter electrode does not take up the potential of the back gate and a limited
potential drop across the electrodes is observed. A reduced fluid flow will ultimately
be the consequence. At 10 MHz and above, the potential field fully develops with
the strongest potential drop close to the bias electrode, leading to non-symmetric tem-
perature and velocity fields. Almost ideal capacitive coupling is assured under these
conditions.
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the electrolyte solution. Figure 2.4 shows the potential distribution for 3 distinct
frequencies at 0◦ phase. At 1 MHz, the potential applied on the left bias electrode
extends deep into the solution due to the comparatively high solution conductivity.
The electrolyte conductivity accounts for the dominating impedance contribution at
the investigated frequency, while the back gate capacity only has a limited influence,
as can be inferred from transition of region II to region III in the impedance analysis.
A maximum potential difference of 0.7 V between the bias and counter electrode is
achieved for an applied potential of 2 V. The electric field between both electrodes
is thus limited and consequently influences the dielectrophoretic force magnitude,
dependent on the square of the electric field gradient. Small potential differences
also reduce the current flow in the solution, which leads to less Joule heating and
ultimately results in a decreased electrothermal flow.

Above10-100 MHz 10 MHz, the influence of the back gate capacity dominates the system
impedance, clearly corresponding to region III of the impedance measurements.
The higher frequencies allow the applied potentials to develop to their full extent
between the electrodes. Therefore little difference between 10 MHz and 100 MHz in
the potential field is seen. The counter electrodes take up the ground potential of the
silicon back gate, demonstrating the effectiveness of the capacitive coupling above
10 MHz and static analysis would be possible to be carried out in this frequency
range..

AnNon-
Symmetries

additional feature of the capacitive coupling is the non-symmetric potential
and electric field distribution across the electrode gap. The electric potential drops
considerably stronger in the vicinity of the bias electrode than counter electrode.
This inhomogeneity in the electric field distribution will lead to non-symmetric in-
duced temperature and velocity fields.

2.3.3 Temperature Field

InsertingTemperature
Gradients

the resulting Joule heating from the applied electric potential as external
heat source into the energy equation, the temperature field in the system is obtained.
As seen in Figure 2.5, the resulting temperature differences are not very large on an
absolute scale. Due to the small electrode gap dimension, however, the temperature
gradients are significant, especially in the gap vicinity. These temperature gradients
lead to conductivity and permittivity gradients in the surfactant stabilized solution
and cause electrothermal fluid flow.
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Figure 2.5: Temperature field at 10 MHz. Despite small temperature variations on an abso-
lute scale, large gradients at the electrode gap vicinity are observed due to the small
system dimensions. This will lead to conductivity and permittivity gradients, resulting
in electrothermal fluid flow.

2.3.4 Fluid Velocity Field

Electrothermal Flow

After ETF Crossoverhaving determined the potential and temperature fields in the system, the
fluid velocity field in the dielectrophoretic deposition device can be worked out.
The velocity field is dominated by electrothermal forces at high frequencies, where
the electric double layer is not able to establish itself. Region III of the impedance
measurements corresponds to this domain and is considered to take place above
1 MHz. Two regimes occur in electrothermal flow, as described by Equation 2.8.
At lower frequencies the so-called Coulomb force dominates, whereas at higher fre-
quencies dielectric forces take over. A crossover frequency separates both regimes,
where an intermediate flow pattern prevails. From Equation 2.8, this electrothermal
flow crossover frequency is given by [41]:

fc ≈
1

2π

σ

ε

∣∣∣∣2 β

α

∣∣∣∣0.5

≈ 178 MHz (2.18)

Figure 2.6 Coulomb
Forces

depicts the different flow behavior patterns. Below the electrothermal
flow crossover frequency, at 50 MHz, fluid is attracted toward the electrode gap from
above and moved away tangentially to the electrode surface. Increased fluid move-
ment close to the counter electrode stems from the non-symmetric electric potential
distribution between the electrodes due to the capacitive coupling of the floating
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Figure 2.6: Electrothermal fluid flow velocity field at 50 MHz, 200 MHz, and 500 MHz.
The solid lines are a counter plot of the velocity field and represent isotachs, while
the arrows illustrate the orientation of the fluid flow. Below the electrothermal flow
crossover frequency, at 50 MHz, the Coulomb force contribution in the electrothermal
flow dominates. The fluid flow is described by two vortices, transporting solute from
above toward the electrode gap. In the range of the ETF crossover frequency, such as
200 MHz, the Coulomb and dielectric forces in the system compensate each other. A
single vortex counterclockwise pattern is observed. Above the ETF crossover frequency,
at 500 MHz, the dielectric force contribution to the ETF dominates. The fluid flow
changes its orientation and is described by two vortices transporting solute vertically
away from the electrode gap.
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Figure 2.7: Maximum electrothermal fluid flow velocity at different frequencies. A gradual
decrease is observed from the maximum around 10 − 20 MHz to the ETF crossover
frequency where the maximum velocities remain constant up to reasonably high fre-
quencies of 500 MHz for dielectrophoretic deposition devices. Reduced electrical field
strengths explain the significantly lower flow velocities at 1 MHz.

counter electrode to the grounded silicon substrate. The fluid flow essentially de-
scribes two vortices above the electrodes, transporting solute from above toward the
electrode gap.

At Dielectric
Forces

frequencies significantly higher than the electrothermal flow crossover fre-
quency, for example 500 MHz, the orientation of the flow changes. Fluid is attracted
toward the electrode gap tangentially along the electrodes and pushed upwards,
which can be described by two vortices, transporting solute vertically away from the
electrode gap. Again, non-symmetries in the flow pattern are due to the inhomoge-
neous potential distribution.

Intermittent Crossover
Pattern

frequencies, such as 200 MHz, where the Coulomb and dielectric
forces compensate each other, experience a single vortex counterclockwise flow pro-
file. The magnitude of the fluid velocity remains in the same order of magnitude.
Figure 2.7 compares the maximum fluid velocities in the investigated system for
different frequencies. The highest fluid velocities are obtained for frequencies in the
range of 10− 20 MHz. A gradual decrease of the fluid velocities to the electrothermal
flow crossover frequency is observed, where they remain constant up to reasonably
high frequencies of 500 MHz for dielectrophoretic deposition devices. Significantly
lower velocities obtained at 1 MHz are due to the reduced electrical field strength.
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Figure 2.8: Fluid flow induced by ac electroosmosis at 100 kHz. Electrothermal effects are
negligible at these frequencies, even though the flow patterns are similar. Maximum
velocities are achieved close to the electrode gap just above the electrodes and are over
one order of magnitude larger than the maximal electrothermal forces present at high
frequencies.

AC Electroosmosis

InElectrode Slip the lower frequency ranges, where the electric double layer has sufficient time to
build up, ac electroosmosis arises. The flow is characterized by a slip velocity on the
metallic electrodes which drags fluid away from the electrode gap. Consequently,
solute is attracted from above. Highest velocities are reached very close to the elec-
trode gap, just above the electrodes. As Figure 2.8 shows, ac electroosmotic flow
displays a similar flow pattern to electrothermal flow for the investigated configu-
ration, even though the origin is completely different. AC electroosmosis is due to
surface effects and electrothermal flow is due to body forces in the fluid. This also
explains the up to one order of magnitude higher velocities observed when ac elec-
troosmosis occurs. The electrothermal body force has a negligible contribution in
this situation. AC electroosmotic flow is strongest when the electric double layer can
fully develop, corresponding to region I, below 50 kHz according to the impedance
analysis presented in Figure 2.3.

DC Electroosmosis

WhenGap Slip a tangential static electric potential is superimposed on the system, for ex-
ample by applying an additional voltage difference between the two bias electrodes
in Figure 2.1, a drag force on the solution above dielectric surfaces of the chip is
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Figure 2.9: Fluid flow induced by dc electroosmosis at 1 MHz. An applied dc offset causes
a fluid flow tangential dielectric surfaces. This slip flow in the electrode gap generates
a vortex rotating in clockwise direction above the chip, disrupting the electrothermal
flow caused by ac potentials.

created. In the fluid area located between both electrodes, charges above the electric
double layer migrate along the imposed tangential electric field.

In Figure 2.9 the flow behavior for an additionally generated dc offset is illustrated.
At 1 MHz, the experienced dc electroosmotic flow exceeds the electrothermal flow
and is the dominating contribution in the flow pattern. The slip flow above the
silicon oxide layer in the electrode gap along the electric field causes the solution
to rotate in clockwise direction above the chip geometry. Uncertainties in the zeta-
potential of the electric double layer require the obtained velocity values to be treated
with caution.

Dielectrophoresis

Single-walled mSWNTs and
sSWNTs

carbon nanotubes dispersed in solution experience a dielectrophoretic
force when they are subjected to an inhomogeneous electric field. Both, metallic and
semiconducting SWNTs exist and must be treated separately in the analysis. In order
to estimate the region of influence of the dielectrophoretic force, it was investigated
where the induced terminal particle velocity exceeds the maximum velocity of the
electrokinetic fluid flow.

From Force RangeFigure 2.10, it is apparent that the dielectrophoretic force is highly location
dependent due to the influence of the electric field gradients and that the respective
DEP force magnitudes for metallic SWNTs and semiconducting SWNTs differ con-

23



2 Electrokinetic Framework of Dielectrophoretic Deposition Devices

Dielectrophoretic force in�uence range at 10 MHz
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Figure 2.10: Regions of dielectrophoretic force influence where the terminal particle velocity
exceeds the maximum velocity of the electrokinetic flow. The DEP force magnitude
is highly location dependent and differs considerably for metallic and semiconducting
SWNTs. The frequency is 10 MHz.
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Figure 2.11: Frequency dependency of the real part of the Clausius-Mossotti factor for
SWNTs. At low frequencies the Clausius-Mossotti relation depends solely on the con-
ductivities of the particle and suspending medium, whereas at high frequencies the
polarization is dominated by the permittivities of the particle and suspending medium.
For semiconducting SWNTs, the Clausius-Mossotti becomes negative in the high fre-
quency limit and the carbon nanotubes are repelled from the electrode gap.
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siderably. Because of the much higher conductivities and permittivities for metallic
SWNTs, the DEP force ranges much deeper into the solution. The magnitude of
the DEP force is also dependent on the applied electric potential frequencies, even
when perfect capacitive coupling is ensured. The reason resides in the frequency
dependency of the Clausius-Mossotti factor, as can be inferred from Equation 2.14.
At DEP Crossoverincreasing frequencies the permittivities of the particle and suspending medium
start to take over and the Clausius-Mossotti factor changes its value accordingly, as
shown in Figure 2.11. If the Clausius-Mossotti factor becomes negative, the dielec-
trophoretic force changes orientation and the particles are repelled from sites of high
electrical field strength.

2.4 Schematic Representation of Electrokinetic
Effects

In Flow
Schematics

an effort to describe all electrokinetic effects of dielectrophoretic deposition de-
vices for single-walled carbon nanotubes in a single representation, Figure 2.12 was
constructed. At characteristic frequencies, the schematics show the interaction of the
different electrokinetic components, including electrothermal flow, dielectrophore-
sis, ac electroosmosis and dc electroosmosis. The arrow thickness symbolizes the
corresponding relative force strength.

At Region I100 kHz, corresponding to region I from the impedance measurements in Fig-
ure 2.4, the electric double layer has sufficient time to build up and ac electroosmosis
above the metallic electrodes is the dominating contribution in the fluid flow. Elec-
trothermal effects are vanishingly small. The insufficient capacitive coupling of the
counter electrodes causes a limited electric field to be created between the electrodes
and therefore the dielectrophoretic forces are also small.

Above Region III1 MHz, no stable electric double layer forms anymore, consequently ac
electroosmosis disappears and electrothermal flow in the system arises.For higher
frequencies the electrothermal flow rises in magnitude due to the increasing electric
fields strength between the electrodes, resulting from the more efficient capacitive
electrode coupling. An intermittent flow regime is observed near the electrothermal
flow crossover frequency at 200 MHz, where the dielectric force effects start to take
over from the Coulomb force and reverse the orientation of the vortices ultimately.

The DEPdielectrophoretic force magnitude is strongly dependent on the electric field
gradient in the electrode gap and the same amplifying behavior applies between 1
and 10 MHz as for the electrothermal flow. Further, at high frequencies the polariz-
ability of the particles in the medium is dominated by their permittivities as inferred
from Figure 2.11. Above 200 MHz, the dielectrophoretic force on semiconducting
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Figure 2.12: Schematic representation of the electrokinetic effects in the investigated system.
The interaction of electrothermal flow, dielectrophoresis on metallic and semiconduct-
ing SWNTs, ac electroosmosis and dc electroosmosis is shown at characteristic frequen-
cies. The compilation illustrates the electrokinetic framework of capacitively coupled
dielectrophoretic deposition devices for single-walled carbon nanotubes.
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SWNTs becomes negative and reduces significantly for metallic SWNTs.
In DC Offsetthe case of an additional horizontal dc offset in the system, a slip velocity above

the electrode gap is introduced. This may disrupt the flow pattern, as well as the
dielectrophoretic trapping efficiency.

Qualitatively Qualitative
Description

, long-range carbon nanotube transport is governed by hydrody-
namic effects, while local trapping is dominated by dielectrophoretic forces in low
concentration SWNT dispersions. Fluid is attracted toward the electrode gap by the
former, before the SWNTs are dielectrophoretically aligned between the electrodes
by the latter, once they are within the range of the dielectrophoretic force.

Fundamental Time Scalestime scales of the dielectrophoretic deposition process are seconds,
which is explained by the length scales of the system in the order of micrometers
and the fluid velocities of the electrothermal flow in the range of micrometers per
second. Also, distances between individual SWNTs in the dilute dispersed solu-
tion are estimated to be within the micrometer range. Therefore voltage potentials
were applied for a duration of 60 s in the experiments to ensure successful carbon
nanotube deposition.

2.5 Experimental Confirmations

2.5.1 Frequency Dependency

In Parametersan effort to experimentally verify elements of the predicted phenomena, a fre-
quency dependent dielectrophoretic deposition yield study at constant electrical po-
tentials was conducted at a peak potential of Vp = 3 V for a duration of 1 min.

At Region I100 kHz no deposition is observed, which is explained by the practically absent
capacitive coupling of the counter electrodes to the chip substrate. Very small electric
field gradients between the bias and counter electrodes result in a very weak dielec-
trophoretic force. Additionally, the ac electroosmotic drag force over the electrodes
possibly prevents the pinning of SWNTs onto the electrodes.

By Region IIincreasing the frequency into the MHz-regime the amplifying capacitive cou-
pling increases the dielectrophoretic force and the deposition of SWNTs is observed.
Also, electrothermal flow develops, transporting the carbon nanotubes from the di-
lute solutions into the vicinity of the electrodes where they may be dielectrophoreti-
cally trapped.

Maximum Region IIItransport velocities and most efficient capacitive coupling found in the
simulations and impedance measurements around 10 MHz is clearly confirmed by
the experimental results. At 100 MHz the deposition yield drops again, as the thresh-
old frequency of positive to negative DEP for semiconducting SWNTs is approached
and about two-thirds of all SWNTs are gradually excluded from deposition. Further,
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(b) 1 MHz
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Figure 2.13: Frequency dependent DEP deposition yield studies at constant potentials. (a)
No deposition is observed at 100 kHz due to the practically absent capacitive coupling
of the counter electrodes to the chip substrate. (b) Limited deposition is observed at
1 MHz. (c) Strongest deposition is observed at 10 MHz, where fluid and particle trans-
port is predicted to be the highest. (d) Reduced deposition at 100 MHz is explained
by the decrease in fluid flow and gradual exclusion of semiconducting SWNTs in the
deposition process resulting from their transition to negative DEP.
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the Coulomb term in the electrothermal force reduces its influence, thus diminishing
the long range drag forces in the solution toward the electrode gap. Losses in the
electrical connections at these high frequencies may play a role as well. The insets
in Figure 2.13 at 10 MHz and 100 MHz show the deposition of SWNTs at electrode
edges, which arises from increasing field gradients caused by the small propagation
distance of the electric potential into the electrolyte solution.

To Self-Limiting
Mechanism

achieve the dielectrophoretic deposition of individual SWNTs, the potential
has to be individually adapted for every frequency applied. A self-limiting assem-
bly mechanism exists in a narrow potential window, where the potential between
bridged electrodes evens out after deposition, so that the capacitively induced elec-
tric field is significantly reduced and no additional carbon nanotubes are deposited.
The potential equilibration between the electrodes is established by the inherent ma-
terial conductivity of metallic SWNTs or the surface conductivity of semiconducting
SWNTs induced from the surfactant-stabilized solution [48]. When the applied po-
tential or solution concentration is too high, the self-limiting mechanism does not
hold anymore and multiple carbon nanotubes are deposited. This is because the
remaining electric field is still strong enough to attract additional SWNTs, as seen in
Figure 2.13. The direct coupling of electrodes does not allow a self-limiting mecha-
nism to occur, Direct

Coupling
since the potential difference between the electrodes always remains

the same. Further, direct coupling induces current throughput along the deposited
SWNTs during the integration process, which may harm the structures.

2.5.2 DC Electroosmosis

The Reduced
Deposition

influence of a 1 V dc offset at 1 MHz was additionally investigated on the dielec-
trophoretic deposition yield. Dielectrophoresis on chips with an identical root-mean-
square potential Vrms was carried out and the total number of deposited SWNTs and
bridging SWNTs between the electrodes counted. Figure 2.14 shows the processed
results. The superimposed dc offset yields a statistically relevant lower deposition
yield over their entire potential range. Two effects explain the observation. First,
the dc potential causes an electroosmotic flow laterally above the electrode gap thus
lowering the deposition probability of the carbon nanotubes by dragging them away
from the deposition site. A secondary effect originates from the reduced torque on
the induced dipole of the SWNTs due to the reduced ac electric field when a dc off-
set is added and the root-mean-square potential maintained. An inferior alignment
in the electric field is the result, which lowers the effective dipole moment of the
SWNTs and consequently reduces the dielectrophoretic force [14].
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Figure 2.14: DC offset influence on dielectrophoretic deposition yield. A significant reduc-
tion for both bridging and overall deposited SWNTs is observed.

2.6 Conclusions

Three3 Regions regions, distinguished by the electrical impedance measurements, are impor-
tant to describe the electrokinetic framework of capacitively coupled dielectroph-
oretic deposition devices. The first is the frequency range where the electric double
layer of the electrolyte arises, the second where the conductivity of the electrolyte
takes over as dominating contribution in the system impedance, and the third where
the capacitive coupling of the electrodes to the chip substrate becomes dominating.
Naturally, these frequency dependent regions depend on the electrolyte solution and
chip configurations used and have to be adapted accordingly. The electrothermal
and dielectrophoretic forces in the system make up additional frequency dependent
behavior, which is also relevant in the analysis. ASystem

Configuration
thorough determination of the

configuration to be researched and the involved properties must therefore be made
before to applying the herein developed general framework to other applications
and systems, such as the dielectrophoretic integration of two-dimensional graphene
sheets [51, 52]. In general, however, to achieve a high dielectrophoretic integration
yield it is recommended to carry out the dielectrophoretic deposition at frequency
ranges where the capacitive coupling is the dominating impedance contribution, hy-
drodynamic mixing effects are strongest to ensure efficient particle transport to the
deposition site and where the Clausius-Mossotti factor of the dielectrophoretic force
is largest.
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Abstract

The successful dispersion and large-scale parallel assembly of individual surface-
synthesized large-diameter (1 − 3 nm) single-walled carbon nanotubes (SWNTs),
grown by chemical vapor deposition (CVD), is demonstrated. SWNTs are removed
from the growth substrate by a short, low-energy ultrasonic pulse to produce ultra-
pure long-term stable surfactant-stabilized solutions. Subsequent dielectrophoretic
deposition bridges individual, straight, and long SWNTs between two electrodes.
Electrical characterization on 223 low-resistance devices (Raverage ≈ 200 kΩ) evi-
dences the high quality of the SWNT raw material, prepared solution, and contact
interface. The research reported herein provides an important framework for the
large-scale industrial integration of carbon nanotube-based devices, sensors, and ap-
plications.

3.1 Introduction

The SWNT
Dispersion

availability of individually dispersed single-walled carbon nanotube (SWNT)
solutions [53–55] is of prime importance for the progress toward monodisperse
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carbon nanotube samples [56]. Immediately after the discovery of carbon nan-
otubes [16, 17, 57], these one-dimensional structures have been the subject of intense
research, both in fundamental physical studies [22] as well as in the development of
nanoelectronic devices, with nanotubes as the active transducer elements [23]. The
defining characteristics of SWNTs are determined by their chirality [18], affecting the
electric and optical properties of the material. Since all potential technologies involv-
ing SWNTs require predictable and uniform performance, samples of SWNTs with
well-defined properties under conditions allowing easy further processing must be
made available. Typically, in SWNT solution processing, raw nanotube products
from a bulk synthesis high-pressure CO (HiPCO) reactor process are ultrasonically
treated for 10 min at elevated energies before being centrifuged at very high accel-
erations to remove remaining bundles [53]. In the present paper, a method for dis-
persing surface-synthesized individual, long, and large-diameter (1− 3 nm) SWNTs
in ultrapure and long-term stable surfactant-stabilized aqueous solutions by low en-
ergy input is presented. The process is an important contribution in the research
of selective SWNT growth for subsequent dispersion [58] and chirality dependent
chemical functionalization of carbon nanotubes [59].

TheDEP Assembly quality of the prepared solutions and viability of the process are assessed
by the large-scale parallel dielectrophoretic integration and subsequent electrical
characterization of individual SWNT-based devices. Dielectrophoresis (DEP) al-
lows the selective deposition of micro- and nanoscale objects in nonuniform electric
fields [11]. Particles move toward regions of high electric field strength if the polariz-
ability of the particles is greater than that of the suspending medium, otherwise they
are repelled [12–14]. Results on the alignment of carbon nanotubes [60], their indi-
vidual, suspended, 4-point contacted deposition [30], the separation of metallic from
semiconducting SWNTs [35], and their large-scale assembly [32] have been reported
employing the method. Devices for physical property characterization have further
been created with this technique [61, 62], and more recently the deposition of two-
dimensional graphene-based nanostructures was achieved [34]. Most importantly,
large-scale parallel dielectrophoretic deposition enables the fabrication scale-up of a
large number of devices on a single prefabricated chip, which can be then integrated
into a wide range of micro- and nanoelectro-mechanical systems (MEMS and NEMS)
and transducer applications, such as pressure, gas, flow, or temperature sensors.

3.2 Experimental Section

InSWNT Growth the present study, single-walled carbon nanotubes are grown in an iron (Fe)-
catalyst-based chemical vapor deposition (CVD) process [63]. In short, 1 mL of iron
loaded horse spleen Ferritin (Fluka, 50− 150 mg/mL) is added to 100 mL deionized
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water (DIW) and dialyzed for 24 h against it. The solution is then centrifuged at
12 000g for 15 min, and the upper half is decanted to reduce protein aggregates.
The Ferritin solution is adsorbed on 7× 7 mm2 silicon chips, covered by a 1.5 µm
wet oxide layer, by dipping them into the solution for 1 min. After rinsing the chips
in DIW, the protein shells are oxidized and the remaining ferrihydrite particles are
calcined at temperatures above 800 ◦C for 1 min. A PEO 603-PLC-300C LPCVD oven
(ATV Technology) is used for the SWNT growth. In a first step, the Fe2O3 nanopar-
ticles are reduced in H2 at 850 ◦C at a pressure of 200 mbar for 10 min. Subsequent
tube growth occurs at the same temperature under a H2/CH4 atmosphere with a
pressure of 50/150 mbar for 30 min. Batch processing permits nanotube growth on
a large number of chips, generally 25 per run. SWNT diameters from this process
lie in the range of 1− 3 nm, revealing individual lengths of over 10 µm, with on
average 2 µm and very few kinks and bends [63].

Since SWNT
Dispersion

the generated electric field between the electrodes required for the dielec-
trophoretic deposition is only effective very locally at the length scale of the gap
size, enough SWNTs must be present in the vicinity of the electrodes to facilitate
a successful deposition. Consequently, the prepared solutions must be sufficiently
concentrated. This is achieved by successively dispersing the surface-synthesized
SWNTs from the typically 25 chips they were grown on into a 1 mL, 1 wt % sodium
dodecylbenzenesulfonate (SDBS) DIW solution. The carbon nanotubes are removed
from the SiO2 growth support surface by a short, low-energy 1 s ultrasound pulse
from a horn sonicator (Sonics Vibracell VCX 130, 130 W, 20 kHz). The ultrasound
probe, with a tip diameter of 6 mm, is closely placed 1-2 mm over the substrate. An
illustration of the applied aqueous dispersion process is depicted in Figure 3.1.

The Chip
Fabrication

dispersed SWNT material is characterized by electrical measurements on pre-
fabricated electrodes after the directed assembly. The 50 nm thick electrodes are
fabricated by optical lithography, palladium (Pd) sputtering and lift-off, with gaps
of 1− 2 µm created between them. On one 2× 4 mm2 chip, 20 individually ac-
cessible electrode gaps are available. An insulating dry thermal gate oxide layer
(tox = 285 nm) allows the capacitive coupling between the highly p-type doped
silicon substrate and the Pd electrodes for large-scale assembly [31]. This permits
minimal external contacting for depositing SWNTs over multiple electrode gaps and
avoids direct current throughput in the SWNTs during the deposition process. The
capacity of the connected system is in the range of C ≈ 10 pF. An aggressive oxy-
gen plasma cleaning procedure after the electrode fabrication process results in very
clean and flat sample surfaces.

A SWNT DEP3 µL droplet of synthesized aqueous SWNT solution is dispensed on the chip
for the dielectrophoretic nanotube assembly, and a sinusoidal potential difference is
applied to the contacted electrodes (typically 10 MHz, 3 Vp) through an sinusoidal
function generator (LeCroy LW420B). The applied potential is constantly monitored
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Figure 3.1: SWNT aqueous dispersion. SEM (top) and AFM (bottom) images of SWNTs
grown on a SiO2 substrate by a CVD process with Fe catalyst particles (left). After short,
low-energy ultrasonic treatment for 1 s in a 1 wt % aqueous SDBS solution (center), the
SWNTs disperse into the solution and practically none remain on the growth substrate.
AFM scans reveal that the majority of catalyst particles, with a height of 2 − 3 nm,
remain as white islands on the chip surface (right).

by using an oscilloscope (LeCroy LC334A) while the chip remains grounded through
the doped Si substrate. After 60 s, the generator is switched off and the chip rinsed
in DIW. FinallyThermal

Annealing
, thermal annealing at 450 ◦C in nitrogen atmosphere, in order to

improve the wetting interaction between the SWNTs and underlying Pd electrodes,
and electric transport measurements at ambient conditions are performed on the
samples to assess their electrical performance. The samples are not subjected to any
further processing, such as top-side metallization, with the SWNTs simply adhering
to the surface of the contact electrodes. Figure 3.2 schematically shows the employed
chip design and dielectrophoretic deposition process.

IdentificationSWNT Charac-
terization

of electrode bridging carbon nanotubes is performed in a scanning
electron microscope at low acceleration voltages of 1 kV to minimize the risk of in-
ducing any damage to the SWNTs during visualization [64]. On every successful
deposition, electrical transport measurements are performed by applying a source-
drain voltage of Vsd = 60 mV between the electrodes, while sweeping the back gate
potential from Vg = −10 V to Vg = +10 V in a pulsed measurement setup. Ideal
metallic SWNTs do not evidence any gate dependency, whereas semiconducting
SWNTs behave like p-type field effect transistors under ambient conditions [23]. Dis-
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Electrode

SWNT

Figure 3.2: Schematic and micrographs of the DEP chip design. (a) Electrical connection
scheme adopted for the dielectrophoretic deposition of individual SWNTs. (b) Optical
microscopy image of an electrode pair. (c) SEM image of a successfully DEP deposited
SWNT on an electrode.

crimination between metallic and semiconducting single-walled carbon nanotubes is
made at a threshold on/off ratio of 3. The on/off ratio is defined as the quotient of
the average current measured between gate voltages from −6 to −10 V and +6 to
+10 V.

3.3 Results

Results Ultrapure
Solutions

show that the initially straight and individually distinguishable carbon nan-
otubes, with few twists and bends after growth (Figure 3.1), readily disperse into
the aqueous SDBS stabilized solution. After being subjected to the earlier described
process, the substrate images evidence essentially no presence of leftover nanotubes
in scanning electron microscopy (SEM) and atomic force microscopy (AFM) images.
Only very few remaining tubes can be found following the low energy ultrasonic
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Figure 3.3: Dielectrophoretic nanotube deposition. (a) SEM and (b) AFM image with height
profile, showing the successful dielectrophoretic deposition of an individual SWNT
from the prepared solution. The diameter of the SWNT measured by AFM is 2 nm.

input. Iron catalyst particles, however, remain in large number on the silicon oxide
surface, as seen in AFM scans. This suggests ultrapure SWNT aqueous solutions,
requiring no additional purification steps.

TheSWNT
Deposition

directed dielectrophoretic deposition of individual SWNTs is confirmed by
SEM and AFM micrographs (Figure 3.3). The length of the deposited tubes is in
the same size range as prior to the dispersion, remaining on average about 2 µm
long. In addition, practically no bundles are apparent in the performed deposition
experiments. The solution largely contains individually dispersed SWNTs, which do
not agglomerate during their surface detachment and are stabilized by the encapsu-
lating SDBS micelle. Yields of 30% individual SWNTs bridging electrode gaps after
dielectrophoresis are obtained, with a maximum yield of 55% being achieved for
one individual chip. All experiments were performed over a time span of 6 months,
proving the long-term stability of the prepared SWNT solutions.

SuccessfulElectrical
Behavior

dielectrophoretic deposition was achieved for 223 electrode gaps on
which electrical transport measurements were performed. Metallic nanotube behav-
ior according to the introduced criteria above was observed in 73 cases, versus 62
cases for semiconducting nanotube behavior. All bridged gaps exhibited a measur-
able electrical signal. However, inconclusive characteristics in 88 instances resulted
in a 60% unambiguous and well-defined electrical characterization yield. Figure 3.4
exemplifies the behavior of a metallic and semiconducting carbon nanotube, along
with the accompanying box plots of the average resistance for metallic tubes and

36



3.3 Results

n=73 n=62

Figure 3.4: Examples of metallic and semiconducting single-walled carbon nanotube behav-
ior along with the corresponding box plots for system resistances of metallic and on/off
ratios of semiconducting SWNTs.The cutoff value between metallic and semiconduct-
ing behavior is performed at an on/off ratio of 3. The source-drain voltage is set to
Vsd = 60 mV.

on/off ratios for semiconducting tubes. The central mark in the boxes is the median,
the edges are the 25th and 75th percentiles, while the whiskers extend to the most
extreme data points (outliers not considered). The maximum size of the whiskers
is 1.5 times the box height. Outliers are plotted individually. The median of the
electrical system resistances for metallic nanotubes mSWNTsis Raverage ≈ 200 kΩ, with values
as low as Rlow ≈ 20 kΩ and as high as Rhigh ≈ 2 MΩ being measured. On/off ra-
tios for semiconducting nanotubes sSWNTsare on average in the range of 80, with values as
low as 3 being reached, the cutoff value, and attaining maximum values up to 2000.
All semiconducting SWNTs display p-type semiconducting characteristics. Linear
current- voltage relationships at the on-state show no observable Schottky barrier at
the metal-nanotube junction for the applied potentials. For electrode pairs with no
bridging nanotubes, the observed resistance approaches infinity. All devices with
integrated SWNTs retain their linear current-voltage characteristics at least 4 months
after fabrication.
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3.4 Discussion and Conclusions

InGentle SWNT
Treatment

comparison to the standard preparation process of individually dispersed SWNT
solutions [53], the present method provides a much gentler ultrasonic treatment, as
the applied energy input is mainly required to detach the SWNTs from the growth
support surface and not to untangle large aggregates. The CVD grown nanotubes
are in minimal contact after growth, primarily only bridging each other due to the
low growth density. Bundles and ropes which would require untangling prior to
the dispersion are very limited, as the catalyst particles are well distributed on the
chip surface and each particle only gives rise to one SWNT growth site because of its
constrained dimensions resulting from the encapsulating Ferritin protein [63]. The
minimized low-energy ultrasonic treatment to detach the nanotubes from the growth
support surface greatly reduces the risk of cavitation-induced scission. By subjecting
the solution to maximally 25 s of ultrasound, compared to several minutes for the
standard dispersion treatment, the number of defects induced on the SWNTs is ex-
pected to significantly decrease [65]. No evidence for cavitation induced scission is
found when comparing nanotube lengths after growth and deposition. Further, im-
purities generally contained in raw bulk-synthesized HiPCO material, such as amor-
phous carbon, carbon nanoparticles, and interspersed Fe nanoparticles, are avoided
by growing the nanotubes in a more controlled CVD process [66]. Together with
the vast majority of metal catalyst particles remaining attached to the chip surface,
due to the good metal-SiO2 adhesion, this eliminates the necessity of subsequent
purification, especially oxidative purification processes which could induce defect
formation and/or functional groups on the sidewalls of the SWNTs. In addition,
without the need for centrifugation, heavy water (D2O) can be replaced with DIW,
since no density gradients are required.

SuccessfulSolution
Concentration

dielectrophoretic deposition implies that, after casting a droplet of the
dispersed SWNT solution on the chip, single-walled carbon nanotubes are in close
enough proximity of the locally generated electric field between the electrodes. From
sample characterization after the growth process (Figure 3.1), it is estimated that
the growth density lies in the range of 50 SWNTs per 100 µm2. To evaluate the
tube concentration in the solution, it is assumed that the diameter of the carbon
nanotubes is about 1− 3 nm and their length on average is 2 µm, as can be inferred
from AFM scans. The number of carbon atoms per SWNT can then be calculated
to be around (2.5− 7.5)× 105. This results in a mass of ∼ (5− 15)× 10−18 g. By
taking the 25 processed chips per solution into account, a SWNT concentration in the
order of 3− 9 ng/mL is determined. This corresponds to about 1 nanotube/(10µm)3,
slightly larger than the length scale of the gap distance, and is equivalent to 3× 106

nanotubes per droplet used in the dielectrophoretic deposition process. As these
solution concentrations are too low to perform UV-vis absorption spectrometry or
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spin-coating on a substrate, dielectrophoresis along with electrical characterization
permits one to confirm that individually dispersed single-walled carbon nanotubes
are present within the prepared solutions.

With DEP Yielddeposition yields in the range of 30% for individually bridging tubes when
employing optimized deposition parameters, the integration of SWNT-based sys-
tems by purely parallel processes is demonstrated. The deposited tubes are in gen-
eral straight, thus minimizing local band gap opening by bending [67]. For the
unsuccessful deposition cases, no nanotubes at all are observed, the SWNTs are only
attached to one electrode, or multiple distinguishable individual SWNTs bridge the
gaps. Smaller electrodes and gap distances are expected to increase the deposition
yield due to stronger and more localized electric field gradients and may even enable
a self-limiting assembly mechanism [68]. With the appropriate surfactant choice, the
long-term stability Long-Term

Stability
of the suspensions is well guaranteed and observed. This allows

the prepared solutions to be used in excess of 6 months. By rinsing off nondeposited
tubes after dielectrophoresis in deionized water, before drying the chips in a stream
of nitrogen gas, toxicological risks are kept to a minimum, because the nanotubes
never become airborne.

The Process
Improvements

quality of single-walled carbon nanotube solutions and raw material is as-
sessed by their electrical characterization. Two-point system resistances are on av-
erage 1 order of magnitude lower than those of similar studies employing HiPCO
nanotube material [68]. Resistances in the present work reach values almost as low
as resistances after an additional top-side metallization in the previously mentioned
study. This is assumed to be due to the generally larger tube diameters resulting
from the CVD growth process (1− 3 nm), since SWNT resistances are diameter de-
pendent [69], as well as due to the reduced defect density resulting from the limited
processing, in particular low-energy ultrasonic input and avoidance of (oxidative)
purification processes. The low resistance is further attributed to the high work
function and good wetting interactions of the palladium electrodes with the nan-
otubes [70]. The thermal annealing step additionally enhances the wetting of the
metal-nanotube interface and desorption of residual surfactant from the nanotube
surface, thus further reducing the resistance in the system. The comparatively low
on/off ratios for semiconducting SWNTs are ascribed to the larger diameter distribu-
tion of the CVD grown nanotubes.As the band gap of semiconducting single-walled
carbon nanotubes scales inversely with tube diameter, Schottky barrier heights are
reduced, thus increasing the subthreshold current in the device. Long-term electri-
cal measurements, without any additional passivation provisions, are taken as an
indication that no significant barriers are formed at the Pd-SWNT contact interfaces.
The nanotubes adhere permanently on the electrodes and are not even detached by
high intensity ultrasonication. The excellent contact interface is confirmed by the
exhibited electrical signals for all deposited nanotubes. Electrode contacting is fur-
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ther improved by the long contact area between the nanotubes and the electrodes.
Electrical nanotube characteristics which do not follow metallic or semiconducting
SWNT behavior may be attributed to roped SWNTs, which cannot be completely
excluded from the solution. Since the magnitude of the dielectrophoretic force de-
pends on the volume of the trapped object, this causes their preferential deposition.
The highly unambiguous electrical characterization yield of 60% for all individually
deposited nanotubes is a strong indication, however, of the high quality SWNT raw
material, solution, and contact interface.

TheConclusions herein introduced method provides an important approach to limit cavitation-
induced scission and defect inclusion in preparing individually dispersed SWNT
solutions. By considerably reducing the amount of ultrasonic energy input, the
practically bundle-free surface-synthesized CVD tubes remain longer and appear to
be more rigid than bulk-synthesized HiPCO tubes. Further, electrical characteriza-
tion at low resistances demonstrates the high quality of the SWNT solutions, raw
material, and contact interface. These long-term stable ultrapure solutions, with
long and largely defect-free SWNTs, may therefore be of significant interest to the
research community and enable further developments in directed carbon nanotube
device assembly techniques, combined with selective SWNT growth or dispersion,
for device and sensor integration.
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Abstract

The dielectrophoretic separation of individual metallic single-walled carbon nan-
otubes (SWNTs) from heterogeneous solutions and their simultaneous deposition
between electrodes is achieved and confirmed by direct electric transport measure-
ments. Out-of-solution guided parallel assembly of individual SWNTs was investi-
gated for electric field frequencies between 1 and 200 MHz. At 200 MHz, 19 of the
22 deposited SWNTs (86%) displayed metallic behavior, whereas at lower frequen-
cies the expected random growth distribution of 1/3 metallic SWNTs prevailed. A
threshold separation frequency of 188 MHz is extracted from a surface-conductivity
model, and a conductivity weighting factor is introduced to elucidate the sepa-
ration frequency dependence. Low-frequency experiments and numerical simula-
tions show that long-range nanotube transport is governed by hydrodynamic effects
whereas local trapping is dominated by dielectrophoretic forces. The electrokinetic
framework of dielectrophoresis in low-concentration solutions is thus provided and
allows a deeper understanding of the underlying mechanisms in dielectrophoretic
deposition processes for long and large-diameter SWNT-based low-resistance device
integration.
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4.1 Introduction

TheSWNT
Separation

promise of single-walled carbon nanotubes (SWNTs) as inherent components
in nanoscale electronic devices, sensors, and applications has inspired a large range
of research on these quasi-1D nanostructures [71]. Like other nanomaterials, the
electric and optical properties of SWNTs depend on their size and atomic struc-
ture, known as chirality [18]. The limitations in integrating SWNTs according to
their electric properties [56] while entirely relying on parallel fabrication techniques
have, however, constrained their emergence in commercial applications to date.
Metallic SWNTs are thought to take the role of leads in nanoscale circuits, and for
the realization of nanotube-based electronics, it is essential to manipulate metal-
lic and semiconducting SWNTs separately. Dielectrophoresis (DEP) [11], allowing
the site-selective deposition [32, 60] as well as the conductivity-dependent separa-
tion of SWNTs [35], provides this prospect in a single-step process [30, 51, 52]. The
research reported herein demonstrates the highly selective parallel assembly of indi-
vidual metallic SWNTs onto prefabricated electrodes from heterogeneous solutions
by dielectrophoresis and introduces the underlying electrokinetic framework of the
deposition and separation process.

4.2 Experimental Section

SWNTSWNT
Dispersion

solutions were prepared by removing surface-synthesized carbon nanotubes
from a growth-support substrate by a short, low-energy ultrasonic pulse to pro-
duce ultrapure, long-term-stable 1 wt% sodium dodecylbenzenesulfonate (SDBS)
surfactant-stabilized aqueous solutions, according to a previously published ac-
count [34]. The surfactant concentration is 1 order of magnitude above the critical
micelle concentration (cmc) to ensure successful SWNT dispersion [72]. The SWNTs
were grown by a well-documented iron (Fe)-catalyst-based chemical vapor depo-
sition (CVD) process to yield carbon nanotubes with a comparatively large mean
diameter of 1.9 ± 0.8 nm, containing all chiralities from this diameter range and
exhibiting a low defect density, as evidenced by Raman spectroscopy [63, 73]. In
comparison to the standard preparation method of individually dispersed SWNT
solutions from bulk-synthesis high-pressure CO (HiPCO) reactor processes [53], the
process induces much gentler ultrasonic treatment. This is expected to decrease the
number of defects on the SWNTs [65].

DielectrophoreticSWNT DEP deposition of individual SWNTs was performed on chips con-
taining 20 individually accessible electrode gaps in the range of 1 to 2 µm (typical
parameters: Vp = 2 V, t = 60 s) [34]. An insulating dry thermal oxide layer allowed
capacitive coupling between the p-type doped silicon substrate and palladium (Pd)
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Figure 4.1: Experimental methods. (a) Surface-synthesized SWNTs grown in a CVD oven. (b)
Aqueous dispersion of SWNTs in surfactant-stabilized solutions. (c) Dielectrophoretic
deposition of individual SWNTs by capacitive coupling. (d) Topographical and electrical
characterization of deposited carbon nanotubes.

electrodes for large-scale assembly [31] as well as electric field-effect-transistor char-
acterization [74, 75]. After dielectrophoresis, the chips were rinsed in deionized wa-
ter (DIW) and thermally annealed at 450 ◦C in a nitrogen atmosphere to remove any
residual surfactant wrapping the carbon nanotubes [76] and to improve the wetting
interactions between the SWNTs and the underlying Pd electrodes [70]. Electrical
characterization Electrical

Characteriza-
tion

of individual SWNTs, identified by scanning electron microscopy
(SEM) and atomic force microscopy (AFM), was carried out by linear gate sweeps
(Vg = ±10 V) at a constant source drain voltage (Vsd = 60 mV) [77]. For an on/off
ratio larger than 3, the SWNTs were considered to be semiconducting. Detailed
electrical transport data of dielectrophoretically integrated individual SWNTs from
identical solutions are reported in a prior study [34]. Among others, the electrical
system resistances of metallic SWNTs were measured to average Rav ≈ 200 kΩ. Lin-
ear current-voltage relationships of semiconducting SWNTs in the on state showed
no observable Schottky barriers at the metal-nanotube junction for the applied po-
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tentials. Low-resistance devices and a high electrical characterization yield verified
the high quality of the SWNT raw material, individually dispersed solutions, and
integrated contact interface.

TheDeposition
Study

frequency-dependent dielectrophoretic separation of SWNTs was investigated
at varying deposition frequencies ranging from 1 to 200 MHz. For random growth,
a 1/3 metallic (mSWNT), 2/3 semiconducting (sSWNT) single-walled carbon nan-
otube ratio is expected [78]. To determine the prevailing distribution ratio, multiple
SWNTs must be electrically probed and statistical distributions must be studied. For
an ideal distribution, the Bernoulli distribution applies and a one-sided binomial
(Bin) test can be performed. The null hypothesis of a p = 2/3 sSWNTs ratio is vio-
lated within a confidence level of 99% when the sSWNT ratio drops below 40% for
n = 20 randomly probed carbon nanotubes.

4.3 Results

FiguremSWNT
Integration

4.2 shows the results from the DEP separation experiments. The ratio of semi-
conducting carbon nanotubes is plotted against the deposition frequency, with the
number of electrically characterized SWNTs shown at each data point. For frequen-
cies between 10 and 80 MHz, the expected random growth ratio of 2/3 sSWNTs was
confirmed, ranging from 52 to 68%. At 100 MHz, the obtained sSWNT ratio was
23% and only 3 of the 22 deposited SWNTs at 200 MHz showed semiconducting be-
havior (14%). This accounts for a statistically relevant and significant enrichment of
mSWNTs at higher deposition frequencies, as is illustrated by the location of the data
points in the critical region of the one-sided binomial test Bin(20,2/3). Additionally,
an enrichment of mSWNTs at 1 MHz is observed. The feasibility to manipulate and
integrate individual metallic SWNTs selectively from heterogeneous solutions is thus
demonstrated.

4.4 Discussion and Conclusions

TheElectrokinetics electrokinetic understanding of the system provides the basis for explaining
these observations.

TheDEP Force time-averaged dielectrophoretic force on a rod-shaped particle with its major
axis parallel to the electric field lines equals [79]

〈FDEP〉 =
πabc

3
εmRe

{
ε∗p − ε∗m

ε∗m

}
∇ |E|2 , (4.1)

with a, b, and c being the half-lengths of the major ellipsoid axes, ε∗p and ε∗m being
the complex permittivity of the particle and suspension medium, respectively, and E
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Figure 4.2: Dielectrophoretic deposition results for frequencies between 1 and 200 MHz. The
ratio of semiconducting carbon nanotubes is plotted against the deposition frequency,
with the number of electrically characterized SWNTs shown at each data point. On
the right axis, the normalized DEP force for sSWNTs with a surface conductivity of
σ = 2.88 S m−1 and a permittivity of ε = 5ε0 is displayed. A crossover from positive
to negative dielectrophoretic force orientation is observed at 188 MHz, preceded by
a continuous decrease in magnitude. The critical region of the one-sided binomial
test Bin(20,2/3) with a confidence level of 99% shows where a statistically significant
enrichment of metallic carbon nanotubes is found in the dielectrophoretic deposition of
SWNTs from heterogeneous solutions. DEP explains the highly selective integration of
mSWNTs at high frequencies (100− 200 MHz). The enrichment of mSWNTs at 1 MHz
is explained by the hydrodynamic behavior of the system.

being the electric field. For a constant particle size in a given solution, the magnitude
of the dielectrophoretic force at a specific location solely depends on the complex
permittivity of the particle ε∗p = εp − i σp

ω , where ε is the permittivity, σ is the
conductivity, and ω is the angular frequency of the electric field [79].

The sSWNT
Permittivity

permittivity of SWNTs is inversely proportional to the square of the energy
band gap [80]. Consequently, the permittivity of mSWNTs is exceedingly large,
whereas for sSWNTs a value of 5ε0 or less is generally adopted [32]. The inherent
conductivity of mSWNTs causes a considerable particle conductivity, and sSWNTs
are expected to experience zero intrinsic conductivity because of their band gap.
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The dispersion of SWNTs in surfactant-stabilized solutions, however, gives rise to
a surface conductivitySurface

Conductivity
Model

on the particles [81, 82]. The headgroups of the surfactant
molecules, which are noncovalently adsorbed onto the SWNTs, dissociate in aqueous
solution. A temporary and removable surface charge is thus induced on the SWNTs.
For prolate ellipsoids, the total conductivity is expressed as [83]

σp = σint +
2σs

b
= σint +

2 (σs,d + σs,s)

b
, (4.2)

with σint being the internal particle conductivity and σs being the developed surface
conductivity in the electrolyte solution. The surface conductivity is composed of two
terms, the diffuse layer conductivity σs,d and the Stern layer conductivity σs,s [84].
The diffuse layer conductivity includes contributions from electroosmosis and ionic
conduction [14, 43]

σs,d =
4qNAc0z2µ

κ

(
1 +

2εmkBT
z2µηq

)(
cosh

(
zqζ

2kBT

)
− 1
)

, (4.3)

with all of the variables according to Table 4.1. The Stern layer conductivity is
assumed to be proportional to the diffuse layer conductivity [85, 86]:

σs,s = 0.56 · σs,d. (4.4)

CalculatingsSWNT
Conductivity

the surface conductivity of sSWNTs, which corresponds to the to-
tal conductivity where the internal particle conductivity σint equals zero, yields
σp,sSWNT = 2.88 S m−1. By assuming a permittivity of εp,sSWNT = 5ε0 for sSWNTs,
we can estimate the magnitude of the dielectrophoretic force acting on the semi-
conducting carbon nanotubes. The right axis of Figure 4.2 displays the normalized
values of the DEP force acting on semiconducting SWNTs.

ADEP Behavior crossover from positive to negative dielectrophoretic force orientation is ob-
served, preceded by a continuous decrease in magnitude. The crossover frequency
is evaluated to occur at 188 MHz, above which no dielectrophoretic deposition of
sSWNTs is expected. The experimental results overlaid in the graph clearly con-
firm the trend of decreasing semiconducting carbon nanotube ratio at a deposition
frequency of 100 MHz and even more significantly at 200 MHz. This is taken as
strong evidence of the decreasing dielectrophoretic force magnitude acting on the
sSWNTs in the heterogeneous solution, and it is concluded that dielectrophoresis is
the underlying mechanism for the separation of SWNTs at high frequencies.

Figure 4.3Clausius-
Mossotti

Factor

elucidates the origin and background of the dielectrophoretic crossover
frequency. Particles in a solution move toward regions of highest electric field
strength if the polarizability of the particles is greater than that of the suspend-

46



4.4 Discussion and Conclusions

Variable Description Value Reference

c0 Electrolyte concentration 28.696 mol m−3

kB Boltzmann constant 1.38 · 10−23 J K−1 [45]
l(= 2c) SWNT length 2.5 · 10−6 m
NA Avogadro’s constant 6.022 · 1023 mol−1 [45]
q Elementary charge 1.60 · 10−19 C [45]
2r(= 2a = 2b) Diameter of micellized SWNTs 3 · 10−9 m
T Temperature 298 K
z Valence of Na+ 1 [45]
ε0 Vacuum permittivity 8.854 · 10−12 F m−1 [45]
εm Water permittivity 80ε0 [45]
ζ Zeta (ζ)-potential −60.4 mV [87]
η Water viscosity 0.890 · 10−3 Pa s [45]

κ = 2z2q2NAc0
εmkBT Inverse Debye length calculated [43]

µ Mobility of Na+ 5.19 · 10−8 m2 (V s)−1 [14]
σm Solution conductivity (1 wt % SDBS) 0.250 S m−1 measured

Table 4.1: Variables and corresponding values used for determining the surface conductivity
of sSWNTs and the electrothermal flow in the suspension medium.

ing medium; otherwise, they are repelled. The polarizability ratio is frequency-
dependent and described by the Clausius-Mossotti factor [79]

fCM =

{
ε∗p − ε∗m

ε∗m

}
. (4.5)

In the low-frequency limit, the real part of the Clausius-Mossotti relation depends
solely on the conductivities of the particle and the suspending medium. Conversely,
in the high-frequency limit the polarization is dominated by the permittivities of the
particle and the suspending medium. A change in the polarizability of the particles
with respect to the suspending medium at a particular crossover frequency causes a
change in the sign of the Clausius-Mossotti factor and consequently an inversion of
the dielectrophoretic force direction.

The Solution
Conductivity

variation of the crossover frequency of sSWNTs as a function of solution
conductivity for a fixed particle surface conductivity (σp,sSWNT = 2.88 S m−1) is
depicted in Figure 4.3(a). For positive, attractive dielectrophoresis to occur in the
low-frequency region, the particle conductivity must be greater than the solution
conductivity. Once the solution conductivity exceeds the particle conductivity, the
dielectrophoretic force becomes negative and thus repelling. In the high-frequency
region, where the dielectric constant in the aqueous suspension solution always
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Figure 4.3: Background on the dielectrophoretic crossover frequency for sSWNTs. (a) Solu-
tion conductivity dependency on the dielectrophoretic crossover frequency for sSWNTs
with a surface conductivity of σp,sSWNT = 2.88 S m−1. (b) sSWNT surface conductivity
dependency on the dielectrophoretic crossover frequency in a solution with a conduc-
tivity of σm = 0.250 S m−1. (c) Linear influence of the conductivity weighting factor

γ =
√

σpσm − σ2
m on the sSWNT crossover frequency. Different SWNT solutions from

the literature are added to the representation, illustrating the benefit of the introduced
parameter.
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exceeds the dielectric constant of the sSWNTs, the dielectrophoretic force remains
negative. For the present experimental conditions (σm = 0.250 S m−1) the identi-
fied crossover point from positive to negative dielectrophoresis at 188 MHz, where
the polarizability of the sSWNTs and the solution equal each other, is marked by
crosslines.

The Particle
Conductivity

particle surface conductivity, however, also play a primary role in the location
of the crossover frequency. Figure 4.3(b) shows this dependency for a fixed solution
conductivity (σm = 0.250 S m−1). The current conditions (σp,sSWNT = 2.88 S m−1) are
again marked by crosslines and the interlinked decrease of particle surface conduc-
tivity and dielectrophoretic crossover frequency behavior becomes apparent. With-
out a negative surface charge on semiconducting SWNTs no dielectrophoretic depo-
sition is expected to occur, as the dielectrophoretic force always remains negative.

By Conductivity
Weighting
Factor

introducing the conductivity weighting factor γ =
√

σpσm − σ2
m, which origi-

nates from finding the roots of the Clausius-Mossotti factor, the combined effects of
particle surface conductivity and solution conductivity on the crossover frequency
can be investigated. Figure 4.3(c) shows that the crossover frequency depends lin-
early on the conductivity weighting factor γ. This factor must be reduced to scale
down the crossover frequency proportionally and may be tuned according to spe-
cific requirements. The largest influence resides in the particle surface conductivity,
which is dependent on the ζ-potential and can be influenced by adjusting the pH-
value of the solution [87], by adding a cationic surfactant [82,88] or by using nonionic
surfactants [33]. Related studies specifically investigate this aspect [82,89]. A certain
dependency of the solution conductivity on the particle surface conductivity, how-
ever, always remains. Different SWNT solutions from the literature with varying
solution and surface conductivity values are displayed in Figure 4.3(c) and show the
benefit of the introduced factor γ.

To mSWNTscomplete the picture, the dielectrophoretic force of mSWNTs always remains
positive and is at considerably higher values than for sSWNTs. This is because
mSWNTs are much more polarizable than the surrounding medium under all cir-
cumstances. Conductivity and permittivity values of σp,mSWNT = 103 S m−1 and
εp,mSWNT = 103ε0 are adopted for mSWNTs in this study.

Previous Literaturereports on the dielectrophoretic separation of SWNTs were all performed
on thin films. Different surfactants led to a shift in the dielectrophoretic crossover
frequency from below 10 MHz in 1 wt % SDS (sodium dodecyl sulfate) [35] to
30 − 40 MHz in 1 wt % SDBS [81] and 50 − 70 MHz in 1 wt % NaCh (sodium
cholate) aqueous solutions [90] on samples analyzed by Raman spectroscopy. The
dielectrophoretic separation of SWNTs has further been reported on thin films be-
low 10 MHz for 1 wt % CTAB/SDS (cetylrimethylammonium bromide) solutions
examined by Raman spectroscopy and electrical characterization [33, 82, 88]. The
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comparatively low separation frequencies may be explained by the small sSWNT
residual in the deposited film that cannot always be resolved by the Raman and/or
electrical signal and consequently distorts the extracted crossover values. No sep-
aration from other solutions has been shown to date, because most do not provide
the required complete dispersion of SWNTs [33]. Continuous extraction of mSWNTs
in a microfluidic channel in 1 wt % CTAB has also been published at an applied
frequency of 10 MHz [91]. The setup, however, relied on the much larger dielec-
trophoretic attraction force of mSWNTs with respect to that of sSWNTs and the
involved semiconducting carbon nanotubes still experienced a positive DEP force
under the conditions that were used, yet this force was much lower in magnitude.

ToHydro-
dynamics

explain the enrichment of mSWNTs at 1 MHz, the hydrodynamic behavior of
the system must be studied. The applied electric field causes Joule heating in the
electrolyte solution. Local heating of the fluid gives rise to permittivity and conduc-
tivity gradients, which in turn generate a body force on the fluid. This electrothermal
force,Electrothermal

Force
written in terms of the temperature gradient, is equal to [41]

fe =
1
2

Re
[

σmεm (α− β)

σm + iωεm
(∇T · E) E∗ − 1

2
εmα |E|2∇T

]
(4.6)

with α = (1/εm) (∂εm/∂T) ≈ −0.4% K−1 [45] and β = (1/σm) (∂σm/∂T) ≈ 2% K−1

[45]. At low-frequencies, the first term in the equation - the Coulomb force - domi-
nates and at high-frequencies, the second term - the dielectric force - takes over. The
two forces act in different directions over a certain range of frequencies, resulting in
a changing flow pattern.

ByNumerical
Simulation

solving the coupled quasi-static Maxwell equations, heat equation, and Navier-
Stokes equation with the added body force for an applied voltage of Vp = 2 V
and a 1 µm electrode gap in a commercial software tool (COMSOL MULTIPHYSICS
v3.5a), the impact of the electrothermal flow (ETF) is investigated [37,38]. The model
allows the dielectrophoretic force to be superimposed and its effect on massless rod-
shaped particles with a corresponding friction factor of f = 3πηl/ ln (l/r) to be
determined [14].

Figure 4.4Electrokinetic
Behavior

shows the results of the numerical simulations for applied frequencies
of 1, 60, and 200 MHz. The surface and arrow plots display the magnitude and
direction of electrothermal flow in the system. At the lower frequencies, two vor-
tices are observed, and a change in flow properties at higher frequencies occurs,
where the dielectric component of the electrothermal force takes over. The magni-
tude of the ETF initially increases before decreasing again toward the change in flow
pattern. This is illustrated by the varying arrow thickness in the schematic repre-
sentations below the simulation results. The superimposed dielectrophoretic force
on the SWNTs is displayed in the simulation results in the region where the DEP-
induced particle velocity exceeds the maximum fluid velocity in the vicinity of the
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Figure 4.4: Numerical simulations of the electrothermal flow and superimposed dielec-
trophoretic force induced on SWNTs at 1, 60, and 200 MHz. The schematics show
the comparative magnitudes of the respective forces and profile of the ETF. The di-
electrophoretic attraction of mSWNTs extends much farther into the solution than for
sSWNTs, although it decreases over a range of increasing frequency because of the com-
peting effects of the ETF. The region of 10× 10 µm2, which is expected to contain on
average one SWNT, and the volume transported toward the electrodes by the ETF for
60 s are also marked. This is essential to analyzing the mixing efficiency in the sys-
tem, which is required to enable equal probabilities of mSWNT and sSWNT deposition
below the dielectrophoretic crossover frequency. Long-range nanotube transport is gov-
erned by hydrodynamic effects, and local trapping is dominated by dielectrophoretic
forces.
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electrode gap. It is apparent that the DEP force is very location-dependent and that
the respective DEP magnitudes for mSWNTs and sSWNTs differ considerably, as is
schematically represented in the bottom half of the Figure. Additional markings are
made for the 10× 10 µm2 region where only one SWNT is expected to be found
in the dilute dispersion [34] and for the fluid region attracted toward the electrode
gap within the applied 60 s of dielectrophoresis. Qualitatively, long-range nanotube
transport is governed by hydrodynamic effects, and local trapping is dominated by
dielectrophoretic forces, an observation also confirmed by related studies [38].

ToMixing
Efficiency

enable an equal probability of mSWNT and sSWNT deposition according to
their random growth distribution, mixing of the solution above the electrodes must
be guaranteed. At 60 MHz, the mixing efficiency of the electrothermal flow is high,
as witnessed by the large fluid volume attracted to the electrodes during dielec-
trophoretic deposition. Furthermore, the higher fluid velocity causes the dielec-
trophoretic force, despite its strength, to restrict its influence close to the electrodes.
This provides all SWNTs an equal opportunity to be transported toward the elec-
trodes before being ultimately dielectrophoretically attracted. The fact that approx-
imately two-thirds of the dielectrophoretically integrated randomly grown SWNTs
show semiconducting behavior in this frequency range additionally confirms that
the SWNTs are individually dispersed in the solution.

At1 MHz 1 MHz, however, mixing efficiency is greatly reduced. Much less fluid vol-
ume is transported toward the electrodes, and the dielectrophoretic force effect on
metallic nanotubes extends much farther into the surrounding solution. If both a
metallic and a semiconducting SWNT are present in the determining volume for
dielectrophoretic attraction, then an mSWNT has a much greater chance of being
attracted, even though originally it might be farther away from the electrodes. The
dielectrophoretic force range of metallic carbon nanotubes over a much larger area is
therefore responsible for their preferential deposition and explains their relative en-
richment at 1 MHz. Below 1 MHz, no deposition of SWNTs was achieved because of
the practically absent capacitive coupling of the electrodes to the chip substrate [92]
and the emergence of ac electroosmosis [14], an observation consistent with previous
reports [93].

The200 MHz electrothermal flow may also be responsible for the remaining semiconducting
SWNTs deposited at 200 MHz, above the determined dielectrophoretic crossover
frequency. If the drag experienced by SWNTs succeeds in overcoming the repulsive
dielectrophoretic force, then the carbon nanotubes could contact the electrodes from
where they are not able to be removed anymore [34].

In conclusion,Conclusions the selective manipulation and direct integration of individual metal-
lic SWNTs from heterogeneous solutions have been demonstrated and the physics
behind the responsible mechanisms over the entire frequency range have been ex-
amined and explained. Electrokinetic effects, more specifically, the dielectrophoretic
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background and electrothermal flow, are essential in elucidating the enrichment of
metallic single-walled carbon nanotube samples deposited by dielectrophoresis. The
observations made by electric transport measurements on individual SWNTs match
very well with a theoretical model used to determine their surfactant-induced sur-
face conductivity. The selective integration of large-diameter, long SWNTs is a vital
aspect in low-resistance SWNT sensor integration, where ohmic contacts with good
contact interfaces are essential. To date, density gradient ultracentrifugation, which
is used in the preparation of monodisperse SWNT solutions, cannot provide such
samples [94].
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5 Piezoresistive Pressure Sensors
with Parallel Integration of
Individual Single-Walled Carbon
Nanotubes

Parts of this chapter are in press as:

B. R. Burg, T. Helbling, C. Hierold & D. Poulikakos. Piezoresistive pressure sensors with
parallel integration of individual single-walled carbon nanotubes. Journal of Applied Physics
in press (2011).

Abstract

Selective dielectrophoretic integration of individual small band gap semiconduct-
ing single-walled carbon nanotubes (SGS-SWNTs) is employed herein to enable the
purely parallel fabrication of SWNT-based piezoresistive pressure sensors. Directed
assembly allows precise carbon nanotubes positioning on the designated silicon ox-
ide (SiO2) membrane edges, ultimately the positions of highest strain. Strain compo-
nents other than from the principal axis are minimized through good alignment. The
SWNTs are encapsulated by a protective alumina (Al2O3) coating and can be modu-
lated by a top gate. The pressure sensors have a membrane diameter of 120 µm and
thickness of 190 nm. Highest sensitivity of the long-term stable devices is achieved
in the off-state of SGS carbon nanotube transistors (CNFETs), reaching values as
high as S0 ∼ 0.25 ∆R/R/bar, at a resolution better than 50 mbar, and a power con-
sumption of less than 40 nW. Low contact resistances and high transmission are
essential for good sensor resolution. The scale-up of the introduced robust and re-
liable fabrication process is straight forward and may provide interesting avenues
toward SWNT sensor commercialization.
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5.1 Introduction

Piezoresistivity based pressure sensors consist of two essential components: a mem-Pressure
Sensors brane and a transducer element, which responds to applied strain through a re-

sistance change [95]. Traditionally, both elements are made up of silicon. A silicon-
diaphragm pressure sensor consists of a thin single-crystal silicon membrane as elas-
tic material and a piezoresistive gauge resistor created by diffusive impurities [96,97].
State-of-the-art membrane dimensions are 250× 250 µm2 in size with gauge factors
for semiconducting strain gauge elements in the range of 40− 200 [95]. In an effort
to significantly reduce the size of microelectromechanical systems (MEMS) toward
realizing nanoelectromechanical systems (NEMS), single-walled carbon nanotubes
(SWNTs) are anticipated to take over as transducer element for different sensing
applications, exploiting their chemical, optical, resonant or electromechanical prop-
erties [21,98]. In particular, straining SWNTs modifies their electronic band gap [99].
An electrical response change may therefore be used for different sensor concepts
ranging from strain, torsion, force, and pressure, amongst others. Electrical confir-
mation of the strain induced band gap change in SWNTs has been demonstrated in
different studies [77,99–106]. These reports show high promise for strain sensing ap-
plications because of the enhanced sensitivity (gauge factors up to 500), ultra-small
size, and significantly reduced drive current requirements of carbon nanotubes.

By investigating the electromechanical properties of SWNTs adhering to thin filmSGS-SWNTs
membranes under small strain (ε < 0.2%), the potential of SWNTs as functional
transducer elements in classically designed piezoresistivity based pressure sensors
is proven [77,102,103,105,106]. Recent studies verify that the symmetric modulation
of the electronic band gap is the dominant reason for the piezoresistive behavior
of SWNTs, rendering localized defects along the carbon nanotube negligable [105].
Based on the model of thermally activated transport, a strain induced band gap
opening is expected to modulate the output current most in the off-state of the car-
bon nanotube field effect transistor (CNFET). In the off-state, the Fermi level is at
the center of the band gap, which maximizes the SWNT gauge factor [99]. Small
band gap semiconducting SWNTs (SGS-SWNTs), exhibiting band gaps in the order
of kBT = 26 meV, [107] show to be superior to semiconducting SWNTs (s-SWNTs)
with respect to the absolute strain induced current change and signal-to-noise ra-
tio (SNR) [105, 106]. The reasons are that the off-state currents remain high due to
the small band gap in SGS-SWNTs and that the amplitude of the low frequency
noise corrupting the signal remains low. The minuscule dimensions of SWNTs ad-
ditionally allow the downscaling of the membrane to a demonstrated diameter of
40 µm, or below, underlining their potential use in the next generation of pressure
sensors [105].

Piezoresistors are preferably placed at the location of maximum stress/strain, gen-
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Figure 5.1: SWNT based pressure sensor schematic. (a) The individual small band gap car-
bon nanotubes are aligned in the radial direction on the edges of the circular membrane,
the regions of maximum strain. The circular membrane is covered by a top gate and the
SWNTs are protected by an encapsulating alumina layer. The radially arranged palla-
dium electrodes are structured on silicon oxide. Purely parallel integration techniques
are used in the sensor assembly. (b) Cross-section of the chip and membrane layer ar-
chitecture. The SWNTs are encapsulated between a 70 nm SiO2 and 80 nm Al2O3 layer.
They can be modulated by a 40 nm Cr/Au top gate. The dielectric oxide layers also act
as hard masks for the tri-layer 190 nm thick 100− 120 µm diameter membrane release.

erally the edge of a circular or rectangular membrane [108, 109]. Often also, well- Transducer
Positioningmatched Wheatstone bridges are configured according to precisely defined and de-

signed positions to cancel out common-mode cross-sensitivity effects, such as tem-
perature dependency [110]. Therefore, for commercially viable SWNT piezoresis-
tivity based pressure sensors, one of the main challenges is precise carbon nan-
otube positioning. Directed assembly by dielectrophoresis (DEP) circumvents this
difficulty by selectively depositing micro- and nanoscale objects from nonuniform
fields onto prefabricated electrodes [11, 14, 60]. By capacitively coupling one of the
electrodes in the system to a conductive substrate separated by an insulating oxide
layer, minimal external contacting enables parallel large-scale assembly, while direct
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current throughput through the nanostructures is avoided during the assembly pro-
cess [31, 32, 92]. For dielectrophoretic assembly, the SWNTs have to be individually
dispersed in solution, preferably employing a process which limits defect inclusion
and cavitation-induced scission from extended ultrasonication [34, 53].

Because SGS-SWNTs exhibit the highest performance of carbon nanotube strainSelective
SGS-SWNT
Integration

gauge elements, their selective integration by dielectrophoresis must be feasible.
This feat is achieved by the highly selective dielectrophoretic integration of metallic
SWNTs at high deposition frequencies [35, 48]. According to refined carbon nan-
otube models, zig-zag and chiral metallic SWNTs exhibit a small band gap from
curvature effects due to the cylindrical structure of the hexagonal carbon backbone
structure [107]. The model of thermally activated transport, describing the SGS-
SWNT band gap opening imposed by strain, specifies that the gauge factor is not
only dependent on the SWNT chirality, but also on the contact properties and device
transmission [98,99]. The contact resistance of SWNT devices depends on the SWNT
diameter and Schottky barriers. Contact barrier heights are dependent on the band
gap, reducing resistances accordingly for large-diameter SWNTs with smaller band
gaps [69,111,112]. Further, the height of Schottky barriers is reduced by the appropri-
ate choice of metal. Palladium (Pd) provides low-resistance contacts, due to its high
work function and good wetting interaction with the carbon nanotubes [70,112,113].
Channel lengths longer than the depletion width of the device are additionally nec-
essary to avoid any influences of the metal-semiconductor interface [114]. Finally, a
tight diffusion barrier encapsulation against environmental gases and ensuring long-
term measurement stability is required to prevent performance degradation [77].

In the following, the parallel, site selective integration of large-diameter (> 2 nm)Sensor
Design SGS-SWNTs by dielectrophoretic directed assembly into large channel (∼ 1 µm),

low-resistance pressure sensor devices is introduced. Figure 5.1 shows a schematic
cross-section of the SWNT based pressure sensor composed of a silica/alumina
membrane, encapsulating the carbon nanotube, which can be modulated by a top
gate.

5.2 Experiments

Fabrication was initiated with a 200 µm thick doped silicon (Si) substrate, uponFabrication
Process which 70 nm of silicon oxide (SiO2) was grown at 1000◦C by dry oxidation. Elec-

trodes were structured by photolithography, evaporation of 5 nm Ti and 35 nm
Pd, followed by lift-off. A 5 µl droplet of aqueous SWNT solution was then dis-
pensed on the 6× 6 mm chip for the dielectrophoretic nanotube assembly, and a
sinusoidal potential of 0.5 Vp at 100 MHz applied to the contacted bias electrode
and grounded substrate by a high frequency, high power signal generator (Agilent
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(a) (d)

(b) (c)

 80 nm Al2O3

5 nm Cr / 35 nm Au

100-120 μm Membrane
 70 nm SiO2

5 nm Ti / 35 nm Pd

Dielectrophoretic SWNT Assembly

Bias Electrode

Figure 5.2: Process flow illustrating the parallel integration of SWNT based pressure sensors.
(a) Radially arranged Pd electrodes on silicon oxide with gap sizes in the range of
1 µm are structured by photolithography, evaporation, and lift-off. (b) The chips are
immersed in an aqueous SWNT dispersion for the selective dielectrophoretic deposition
of SGS-SWNTs. The sinusoidal potential difference is applied to the bias electrode,
while the other electrodes remain floating and are capacitively coupled to the grounded
doped silicon substrate. (c) After integration, the SWNTs are covered by a protecting
Al2O3 layer and a top gate is patterned above for CNFET gate modulation. (d) In the
last step, the tri-layer silica/alumina/gold 100 − 120 µm diameter and 190 nm thick
membrane is released in a dry etching process after backside alignment to allow the
SWNTs to be located on the membrane edges.
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Figure 5.3: Circularly arranged electrodes and dielectrophoretic SWNT integration. (a) Op-
tical microscopy image after lift-off. 19 individually accessible electrodes are patterned.
The interior electrode is the common bias electrode for the capacitively coupled dielec-
trophoretic integration. (b) SEM image of a successfully bridged electrode gap showing
the good SWNT alignment in order to minimize strain components other than from the
main orientation axis. (c) AFM height scan in attractive tapping mode to determine the
SWNT diameter, in this particular case slightly above 2 nm.

N5181A) [34]. After 60 s, the generator was switched off and the chip rinsed in
deionized water (DIW). Scanning electron microscope (SEM) inspection and atomic
force microscope (AFM) characterization of the deposited SWNTs was undertaken
after this step. To improve contact adhesion, rapid thermal annealing at 400◦C for
1 min was performed in a nitrogen (N2) environment. The subsequent process steps
are analogous to those used in previous studies [77, 105]. In short, 80 nm of Al2O3
was conformally grown on the chip surface to encapsulate the SWNTs in an ALD
reactor (Picosun Sunale R-150B) at 300◦C under a N2 environment. The patterning
of an unstructured top gate followed, by evaporating 5 nm Cr and 35 nm Au onto
the high k alumina dielectric. In a last step, the backside structuring of the 120 µm
diameter membrane was carried out by photolithography using infrared alignment.
After resist development and an O2 plasma cleaning step for 120 s at 200 W, the
silica/alumina hard mask was etched in 6% buffered HF solution for 200 s. Finally
the SiO2/Al2O3/Au tri-layer membrane with a total thickness of 190 nm is released
by inductively coupled plasma deep reactive ion etching (ICP-DRIE) employing the
Bosch process. Complete membrane release is verified by optical microscopy, before
the chip is packaged to a chip carrier and wirebonded. Figure 5.2 shows a schematic
of the fabrication process flow.
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25 μm
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Figure 5.4: Processing images of the dielectrophoretically integrated SWNT pressure sensor.
(a) Optical microscopy image depicting the protective rectangular Al2O3 layer and top
gate covering the entire region to be located on the membrane, before the last etching
step. On the edges, the bond pads of the chip are visible. (b) Optical microscopy image
of the final device, showing the completely released 190 nm thick and 120 µm wide
tri-layer SiO2/Al2O3/Au membrane. Partial transparency of the thin layers allows the
electrodes contacting the SWNTs to be seen.

Figure 5.3 depicts the circularly arranged electrodes, to be located on membrane Circular
Electrodesedges, ultimately the positions of highest strain. The electrode gap is imaged by

SEM and the successful, aligned dielectrophoretic SWNT deposition is clearly iden-
tifiable. SWNT alignment is necessary to minimize strain components other than
from the main orientation axis and achieved in the process. Gap sizes are consis-
tently in the range of 800 nm. AFM characterization is necessary to determine the
diameter of the deposited carbon nanotubes and confirms the large diameter of the
synthesized SWNTs [48, 73]. It is noteworthy that the SWNTs are never exposed
to any processing steps apart from the aqueous dispersion in surfactant stabilized
solution and aluminum oxide conformal ALD encapsulation.

In Figure 5.4, the protective rectangular Al2O3 layer is visible, which is deposited SWNT En-
capsulationafter annealing the SWNT to improve contact properties. Encapsulation not only

provides protection against environmental influences but also ensures long-time sta-
bility. The circular top gate is evaporated over the central region of the chip and
covers the entire region to be located on the membrane. The close up of Figure
5.4 depicts a completely released membrane with a diameter of 120 µm, where no
notching is observed. This step concludes the pressure sensor fabrication. The thin
metal layers are partially transparent, allowing the distinction between the different
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layers. Only parallel processes are employed in the pressure sensor fabrication, thus
enabling facile scale-up.

5.3 Results

After dielectrophoretic integration, on the average 4-6 of the 19 separately accessibleDEP Yield
electrode gaps were bridged by an individual carbon nanotube, which is equivalent
to a 20− 30% deposition yield and similar to previous studies [34]. For the unsuc-
cessful deposition cases, no nanotubes at all were observed, the SWNTs were only
attached to one electrode, or multiple distinguishable individual SWNTs bridged
the gaps. As however only one functional carbon nanotube on the finalized pressure
sensor is required, this deposition yield is sufficient. Further, the deposited SWNTs
were in general straight, thus minimizing non principal strain components and local
band gap opening by bending [67]. Figure 5.3 shows the successful dielectrophoretic
integration of an individual SWNT on the pressure sensor electrode design.

A 90% electrical characterization yield was achieved on all probed SWNTs. TheSGS-SWNT
Ratio robustness of the integration process is thus evidenced. Of all integrated SWNTs

on average 3 out of 4 (75%) showed small bad gap semiconducting (SGS) behav-
ior. An even higher ratio of SGS-SWNTs would be feasible when moving towards
even higher dielectrophoretic deposition frequencies or employing solutions with
different conductivity ratios [48].

The electrical transport behavior of a SGS-SWNT is presented in Figure 5.5. TopElectrical
Properties gate modulation makes the CNFET behavior apparent. When sweeping the gate po-

tential between Vg = ±5 V a device resistance of in the range of R = 50− 80 kΩ is
recorded for a source-drain potential of Vsd = 50 mV. Contact barriers induce a dif-
ference between the source-drain current Isd in the n-type and p-type on-state of the
transistor, which leads to an asymmetry that may marginally influence the location
of Imin in the off-state. Continuous gate sweeps with smaller gate modulation reduce
hysteresis in the measurement, as fewer charges are trapped. Alternatively, pulsed
gate measurements may be used [77]. The off-state of the SGS CNFET is determined
by small gate voltage modulation to occur at Vg = 0.5 V, as can be seen in the inset of
Figure 5.5. This is the position where the pressure sensor characterization is carried
out because its resolution is maximized.

Figure 5.6 shows time dependent pressure sensor measurements at an appliedElectro-
mechanical
Properties

gate voltage of Vg = 0.5 V and source-drain potential of Vsd = 50 mV. The upper
curve displays the measured current output Isd against the applied pressure p in
the lower curve. A slight overshoot of the pressure in the chamber is detected due
to the quick ramp rates. Fast current responses in the carbon nanotube transducer
are however identified that way, including the overshoots when large enough. A
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Figure 5.5: CNFET behavior of a SGS-SWNT driven at a source-drain potential of
Vsd = 50 mV. A top gate is used to modulate the output. The off-state of the SGS
CNFET is at Vg = 0.5 V, determined by small gate voltage modulation shown in the
inset. Continuous gate sweeps with smaller gate modulation are used to reduce hys-
teresis in the measurement and determine the position of the off-state. The off-state is
the location where the pressure sensor characterization is carried out because resolution
is maximized.

sensor sensitivity of S0 ∼ 0.25 ∆R/R/bar is extracted from the measurements with
a resolution better than 50 mbar at an extraordinary low power consumption of less
than 40 nW. The SWNT exhibited negative piezoresistive behavior, decreasing its
resistance at increasing strain.

On the same membrane, 2 additional SGS-SWNTs were characterized with respect Additional
Measure-
ments

to their strain behavior. Both evidenced higher device resistances, lower sensitivi-
ties and reduced resolution, but also negative piezoresistive behavior. All probed
SGS-SWNTs exhibited a piezoresistive response and long-term operation of the sen-
sors over a period of 3 months was confirmed. Table 5.1 shows a summary of the
electromechanically characterized SWNTs.

5.4 Discussion and Conclusions

Measurement observations are consistent with previous reports [77, 105, 106]. The Literature
sensitivity and resolution of the pressure sensors is greatest in the off-state of SGS-
SWNTs [105] and contact properties have a major influence on the electrical response
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Figure 5.6: Time dependent pressure sensor measurements at Vg = 0.5 V and Vsd = 50 mV.
The upper curve shows the measured current output Isd against the applied pressure
p in the lower curve. A sensor sensitivity of S0 ∼ 0.25 ∆R/R/bar is extracted with a
resolution better than 50 mbar at a power consumption of less than 40 nW. The SWNT
showed negative piezoresistive behavior, decreasing its resistance at increasing strain.
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5.4 Discussion and Conclusions

Sensitivity Off-state Resistance Resolution
gate voltage at off-state

SWNT #1 0.25 ∆R/R/bar 0.5 V 74 kΩ 50 mbar
SWNT #2 0.12 ∆R/R/bar -1 V 175 kΩ 100 mbar
SWNT #3 0.10 ∆R/R/bar 4.5 V 97 kΩ 100 mbar

Table 5.1: Overview of the electromechanically characterized SWNTs.

of the pressure sensor [98]. As the resistance increases, the sensitivity of the trans-
ducer elements tends to decrease, a prediction from the model of thermally activated
transport. For a high resolution SWNT based pressure sensor, it is therefore essential
to minimize contact resistances and increase transmission of the carbon nanotubes.
This approach potentially provides the largest leverage for enhanced device perfor-
mance. Top side metallization of the SWNTs contacts is one option for improving the
contact properties and reducing device resistances. Surface interaction and channel
lengths, however, may help explain the inconclusive results at higher device resis-
tances.

Solution processing of SWNTs is suggested to induce relatively few defects af- DEP
ter dielectrophoretic integration, endorsing the potential use of these high-quality
components in sensor and nanoelectronic applications [34, 115]. The common avail-
ability of high-grade monodisperse SGS carbon nanotube solutions is expected to
additionally improve the device integration yield [56]. The additional benefit of the
introduced method is that multiple carbon nanotubes can be assembled onto one µ-
sized membrane and that the best performing specimens can then subsequently be
selectively combined together in a Wheatstone bridge configuration, for example, to
cancel out temperature cross-sensitivity. Therefore, a comparatively low integration
yield is sufficient for viable sensor assembly, without causing a substantial increase
in fabrication costs due to the exclusively parallel assembly methods.

The scale-up of the introduced fabrication process is straight forward. Because Scale-Up
of the purely parallel processes involved, especially for the individual SGS carbon
nanotube integration, it is expected that large-scale fabrication entails substantial
cost benefits. By additionally replacing some of the more expensive dry etching
methods with solution phase etching processes, for example, processing costs could
be further reduced. Overall, a high industrial and commercial potential is perceived.

The membrane design in the presented configuration is crucial, since the mem- Membrane
brane has to be initially flat, preferably with a small effective initial tensile stress to
avoid buckling. The SWNT encapsulating Al2O3 layer therefore not only has the role
of passivating the carbon nanotubes, but also of compensating the compressive stress
of SiO2 through its tensile properties. A thickness ratio of 1 is determined to satisfy
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this requirement [114]. By slightly increasing the alumina thickness, an additional
safety margin is added. In this study, pressure differences of up to 0.5 bar were
easily withstood. Sensor sensitivity in a specific and well defined pressure range
may be enhanced by reducing the membrane thickness and consequently stiffness,
to allow higher strain rates at lower differential pressure differences to occur. An ex-
act design approach requires a detailed membrane characterization to be carried out
by finite element methods (FEM), evaluating the membrane thickness and diameter
influence on the induced strain. This membrane characterization could then also be
used for a detailed gauge factor analysis of the piezoresistive SWNT properties.

In conclusion, a scalable parallel assembly process for the fabrication of single-Conclusions
walled carbon nanotube based piezoresistive pressure sensors is demonstrated. The
sensors show high sensitivity at a small size while consuming only minute power.
Highest resolution is achieved for large-diameter, low-resistance devices at the off-
state of small band gap SWNTs, as predicted by the model of thermally activated
transport in carbon nanotubes. The directed assembly of SGS-SWNTs, enabled by
their selective dielectrophoretic integration, and subsequent device processing yields
robust and long-term stable sensors. All these elements demonstrate the robustness
of the parallel small membrane pressure sensor fabrication process and reliability of
the SWNT transducer element. It is expected that large-scale fabrication entails sub-
stantial cost benefits, which may ultimately result in commercially viable products.
The repeatable assembly of high sensitivity ultra small pressure sensors, however,
remains a challenge.
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6 High-Yield Dielectrophoretic
Assembly of Two-Dimensional
Graphene Nanostructures

Parts of this chapter are published in:

B. R. Burg, F. Lütolf, J. Schneider, N. C. Schirmer, T. Schwamb & D. Poulikakos. High-yield
dielectrophoretic assembly of two-dimensional graphene nanostructures. Applied Physics
Letters 94, 053110 (2009).

Abstract

Graphene handling is still dominated by serial mechanical exfoliation, which may
well facilitate measurements in a laboratory environment but does not allow re-
liable larger-scale integration. Herein we demonstrate the controlled, high-yield
(>90%), site-selective deposition of ultrathin few-layer (three to ten) graphene oxide
by dielectrophoresis between prefabricated electrodes. Individual layers are found
near the edges. Initially insulating, thermal reduction at 450 ◦C thins out the two-
dimensional few-atom thick films and dramatically reduces electrical resistances
down to 40 kΩ. Conductivities between 15 and 36 S/cm are obtained. The in-
troduced method permits the nonintrusive, parallel, large-scale assembly of soluble
two-dimensional nanostructures and sheets.

6.1 Introduction

The Graphene
Handling

rise of two-dimensional graphene sheets [24] has led to the conception and de-
velopment of unanticipated technical applications [116–118] and is recognized to
have considerable potential as a building block in future nanoscale metallic electron-
ics [25]. A major drawback however in advanced processing technology is the ab-
sence of parallel, controllable assembly methods. The prospect of bridging multiple
contacted electrode gaps nonintrusively on a single device by purely parallel pro-
cesses is therefore both very important and alluring. The research reported herein
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makes a significant step in this direction. Employing dielectrophoresis, the large-
scale high-yield integration and assembly of soluble ultrathin two-dimensional struc-
tures, such as (functionalized) graphene dispersed in (aqueous) solvents [119–123],
is demonstrated.

DielectrophoresisDEP allows the selective deposition or directed movement of spheri-
cal and one-dimensional micro- and nanoscale objects in nonuniform electric fields.
This includes polymer particles [11], cells [124], DNA [125], nanowires [31], and
bundles [60,126] or individual carbon nanotubes [30] for physical properties charac-
terization [62]. The dielectrophoretic force FDEP = (p · ∇) E is exerted on an induced
dipole moment p of a polarizable particle in a nonuniform electric field E, which is
proportional to the electric field gradients. Particles move toward regions of high
electric field strength if the polarizability of the particles is greater than that of the
suspending medium; otherwise they are repelled from those regions [12–14].

TheCapacitive
Coupling

controlled deposition of individually accessible devices at very high integra-
tion densities is achieved by capacitively coupling the metallic leads to a conduc-
tive substrate. The self-limiting single-walled carbon nanotube (SWNT) assembly
between prefabricated electrodes [32], as well as the separation of metallic from
semiconducting SWNTs [35], is reported under specific deposition conditions. The
accumulation of µ-thick graphite oxide soot films by dielectrophoresis has further
been observed [127].

6.2 Experiments

TheChip
Fabrication

electrodes of the present study are prepared by standard photolithography (Fig-
ure 6.1). A single mask of image reversal photoresist (AZ 5214E) is used to dry etch
embedded electrode pockets, followed by palladium sputtering and lift-off. Between
the 40 nm thick semicircular metallic electrodes, gaps of 1− 2 µm are created. An
insulating thermal dry oxide layer (tox = 285 nm) allows the capacitive coupling be-
tween the p-type doped Si substrate and the prepared electrodes. Capacities are in
the range of C ≈ 10 pF. The chips are subjected to a thorough and aggressive cleans-
ing process in solvents and oxygen plasma before use. This results in extremely
clean, flat, and smooth substrate surfaces.

OnWiring one chip, ten positions are available for dielectrophoretic deposition. In all
experiments one counter electrode is additionally grounded (direct coupling), thus
keeping the electric field in the gap constant, even after deposition, to investigate
the influence on the deposition of ultrathin film nanostructures. All other electrodes
remain floating (capacitive coupling).

StableSolution
Preparation

aqueous dispersions of exfoliated graphene oxide (GO) are synthesized by
a modified Hummers method [128], in which a very long acid oxidation period is
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(a)

(c)
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Pd1-2 μm

285 nm
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Bias electrode

Counter electrodes 500 μm

Electrode

Figure 6.1: Chip schematic. (a) illustrates the bias electrode used for applying the bias po-
tential from the sinusoidal function generator and the counter electrodes, which are
capacitively coupled to the conductive substrate except for one, which is directly cou-
pled to the ground. Inset (b) shows in detail the finger electrodes in yellow, over which
the two-dimensional graphene nanostructures will bridge. The cross section of the fin-
ger electrode gap is depicted in (c).

combined with a thorough purification process to obtain highly oxidized, exfoliated,
and extremely pure GO dispersions [129, 130]. In short, 1 g of natural graphite flake
(Fluka, purity >99%, particle size of < 20µm) is mixed for 5 days in a 62.1 ml
solution of concentrated H2SO4 containing 0.75 g NaNO3 and 4.5 g KMnO4. It is
then washed in 100 ml 5 wt % H2SO4 and reacted with 3 g of 30 wt % H2O2 in H2O.
Impurities are removed by multiple (15×) centrifugation and ultrasonic precipitate
resuspension in aqueous 3 wt % H2SO4 and 0.5 wt % H2O2. After repeating the
procedure three more times with H2O and letting the dispersion rest for 1 day, a
last centrifugation cycle (8×) in H2O is performed with the supernatant half of the
solution. After drying the single-layer particles, they are ultrasonically redispersed
in water at a concentration of 1 mg/ml.

A Graphene DEPdroplet (5 µl) of the aqueous GO solution is dispensed on the chip, and a sinu-
soidal potential difference is applied to the bias electrode (typically 5 Vp at 5 MHz)
by an sinusoidal function generator (LeCroy LW420B). The conductive, capacitively
coupled substrate remains grounded during the entire procedure. The generated
electric field reaches average values in the range of Erms ≈ 106 − 107 V/m between
the capacitively coupled electrodes and is highly localized in the vicinity of the elec-
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Figure 6.2: Dielectrophoretic FLGO deposition. (a) Light microscopy image showing the
palladium electrodes and revealing the accumulation of FLGO in the regions of highest
field gradients. (b) SEM image of the same position with clearly visible contours of the
flakes. (c) AFM image of the identical location, showing overlapping layers, twists, and
creases of the thin film. Individual GO layers are found near the edges of the electrodes.

trode gaps. The GO sheets contained in the solution do not influence the makeup
of the electric field due to their dilute concentrations. After 60 s the generator is
switched off, the droplet is blown off by a stream of nitrogen gas, and the is chip
rinsed in de-ionized water. The sample is characterized by light microscopy, scan-
ning electron microscopy (SEM), atomic force microscopy (AFM), and electric trans-
port measurements.
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Figure 6.3: Consecutive AFM scans of the position depicted in Figure 6.2 after (a) dielec-
trophoretic deposition and (b) thermal annealing at 450 ◦C. The reduction in layer thick-
ness is visible in the height profiles. Creases and folds are overproportionally thinned
during the reduction process. Note the different scale bars in the height profiles.

6.3 Results

Few-layer FLGO
Deposition

GO (FLGO) dielectrophoretic deposition between the metallic electrodes
is observed in nine or ten positions for all performed experiments, resulting in a
larger than 90% yield. An example of a bridged gap is shown in Figure 6.2. Metal-
lic graphene sheets obtained by thermal reduction from FLGO are reported to have
higher mobility and conductance than those obtained by chemical reduction, em-
ploying hydrazine, for example [131, 132]. It is assumed that the thermal reduction
route is more complete compared to the known chemical methods. When heated
up to ≈1200 ◦C, oxidized functional groups are reduced and graphene sheets are
recovered.

Thermal Thermal
Reduction

annealing of the samples is performed in a rapid thermal anneal oven
(J.I.P. Elec JetFirst 100) in an inert N2 environment. Slow heating ramps of 20 ◦C/min
are used to prevent film gasification, ripping, and exfoliation due to rapidly expand-
ing H2O adsorbed between the FLGO layers [131]. Thermal graphenization of FLGO
is performed at 450 ◦C for 1 h. Above these temperatures the palladium contacts dis-
integrate.

Reduction FLGO Layer
Thickness

in the FLGO thin films is confirmed by a sheet conductivity increase
and decrease in layer thickness. Initial average FLGO layer thicknesses lie between
3 and 10 nm at their thickest area between the electrodes and are thinned to 2− 8 nm
after reduction, with creases and folds being overproportionally thinned during the
process. This reveals a reduction in the interstitial water between the individual
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Figure 6.4: Current-voltage characteristics of the FLGO and thermally reduced FLGO junc-
tion introduced in Figures 6.2 and 6.3, displaying an insulating behavior before the
thermal reduction and reaching an electrical resistance of 85.5 kΩ and conductivity of
23.5 S/cm after being heated up to 450 ◦C for 1 h in an inert N2 environment. The inset
shows no gate dependency.

FLGO layers and functional groups in the material.
Consecutive AFM scans on the same location are shown in Figure 6.3. The height

steps of overlapping individual FLGO flakes decrease from ≈1.2 to ≈1.0 nm after
thermal treatment. FLGO proves to be thermally stable and its morphology remains
the same after thermal treatment.

Current-voltageFLGO
Conductivity

(I-V) measurements at room temperature and ambient conditions,
showing the transition from an insulating (R >10 GΩ) to a conducting junction, are
presented in Figure 6.4. The electrical resistance is decreased by over six orders of
magnitude, with the final resistance after thermal reduction at 450 ◦C reaching val-
ues as low as R = 40 kΩ for all experiments. No further processing is required, such
as top-side metallization, with the FLGO simply covering the contact electrodes.
Good Ohmic contacts are verified by the linear relationships. No gate voltage de-
pendency is observed, inferring metallic behavior of the sheets.

WhenSheet
Conductivity

approximating the length to width ratio (L/w) of the flake 1:1, the elec-
trical sheet resistance Rs of the contact junction lies within the same range as the
measured two point resistance. Sheet resistances for the presented data lie within
40− 350 kΩ/ sq. Conductivity values σ average from 15 to 36 S/cm when taking
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the measured sheet thickness t into account. This is within the range of previously
obtained values [132].

6.4 Discussion Conclusions

With Number of GO
Layers

the known repeat distance along well-hydrated GO layers being 11 Å [133], the
number of deposited FLGO layers is estimated to lie between three and ten. Near the
edges of the electrodes, individual GO layers are distinguished. When keeping the
electric field and consequently the dielectrophoretic field force constant between the
electrodes through direct coupling during the deposition process, thin film graphite
oxide is deposited with thicknesses reaching 80 nm. This indicates that by carefully
controlling the electric field build-up, configuration and strength, the amount and
thickness of deposited two-dimensional sheets can be controlled.

The Conclusionsintroduced process allows the reliable, controlled, and parallel site-selective
deposition of few-layer graphene flakes on photolithographically prefabricated struc-
tures. The investigation constitutes an important step toward the controlled depo-
sition of ultrathin two-dimensional materials, such as (water) soluble and/or func-
tionalized graphene [119–123]. Since these materials possess a higher conductivity
and permittivity than GO due to their inherently more conductive nature, which
causes a higher polarizability [14], the proven attractive dielectrophoretic force may
increase in magnitude, even when the sheets do not possess a surface charge. The
availability of highly conductive soluble pristine graphene is therefore anticipated to
further establish the method, which may pave the way for unprecedented nanoscale
material characterization and device fabrication approaches.
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7 Dielectrophoretic Integration of
Single- and Few-Layer Graphenes

Parts of this chapter are published in:

B. R. Burg, J. Schneider, S. Maurer, N. C. Schirmer & D. Poulikakos. Dielectrophoretic
integration of single- and few-layer graphenes. Journal of Applied Physics 107, 034302 (2010).

Abstract

The dielectrophoretic integration of single- and few-layered graphenes from three
distinct graphene suspensions is presented, enabling the parallel assembly of indi-
vidual two-dimensional nanostructures at predefined locations. The first suspension
is an aqueous solution of graphene oxide, the second is ultrasonically exfoliated pris-
tine graphene in N-methyl-pyrrolidone (NMP), and the third is exfoliated graphene
in surfactant-stabilized 1 wt % aqueous SDBS solutions. The most crucial aspect for
the successful thin flake deposition is the solution quality of the exfoliated graphene.
After dielectrophoresis, single-layer graphene oxide is placed between the electrodes,
which, while initially insulating, recovers its electrical conductivity following ther-
mal reduction. From the chemically unmodified graphene-NMP solutions, the di-
rected assembly of electrically active few-layer graphene flakes is realized, with flake
thicknesses in the range 8− 30 nm. Liquid phase exfoliation in water-surfactant so-
lutions yields significantly thicker flake dimensions from 50 to several 100 nm due
to the higher enthalpy of mixing in the dispersion. To achieve single-layer pristine
graphene dielectrophoretic deposition, higher solution qualities must be available,
consisting largely of single-layer graphene sheets. The reported research provides an
important framework for parallel fabrication approaches of graphene-based devices.

7.1 Introduction

A Graphene
Applications

vast amount of research has been spurred in recent years, devoted to the develop-
ment of methods for preparing individual pristine graphene sheets, a single layer of
sp2-hybridized carbon atoms bound together in a hexagonal lattice [24]. The high
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promise of potential applications, such as graphene-based electronics or solid-state
gas sensors, has largely driven this rise of graphene [25]. Furthermore, chemically
modified graphene, such as graphene oxide (GO), has also emerged as a promising
candidate for components in applications [116]. These include chemical detectors at
the molecular level, energy-storage materials, paperlike materials, polymer compos-
ites, liquid crystal devices, mechanical resonators, and highly conductive transparent
electrodes [134].

TwoGraphene
Preparation

distinct approaches exist for preparing these two dimensional structures. One
is to mechanically cleave layered graphite into individual planes and the alternative
route is to epitaxially grow graphitic layers on top of other crystals [27]. A scalable
approach, offering the possibility of high-volume production and well suited for,
but not limited to chemical functionalization, is the ultrasonic cleavage of graphite
to form colloidal graphene suspensions. This leads to stable solutions of graphene
crystallites in varying concentrations and different solvents [116]. The lack of subse-
quent parallel, reliable, and controllable assembly and integration techniques, how-
ever, still hinders progress toward the large-scale application of graphene-based de-
vices.

OutGraphene DEP of solution dielectrophoretic deposition assembly provides this prospect by
attracting dispersed particles to prefabricated electrodes through electric fields [11].
This technique has been recently refined and improved, for carbon nanotube in-
tegration among others [30, 62]. Crucial to a high integration yield is the quality
of the prepared solution, which must consist of stable, homogeneously dispersed
nanostructures in sufficiently high concentration [34].

AGraphene
Solutions

prerequisite for the dielectrophoretic graphene integration therefore is the avail-
ability of solutions made up of individually dispersed graphene sheets in the mi-
crometer size range. This was first achieved for chemically modified GO aqueous
solutions [119]. The electrical contacting of solution phase processed graphene is an
additional requirement for the applicability of the method [120]. Earlier work has
shown the dielectrophoretic integration of micrometer thick graphite oxide soot [127],
as well as the deposition of few- and single-layer GO sheets between metallic elec-
trodes [51, 89, 135]. More recently, the assembly of chemically unmodified few-layer
graphene (FLG) was published [136].

ConcerningNomenclature nomenclature, FLG refers to multilayered graphene up to about 10 lay-
ers, since the material reaches the limit of three dimensional graphite in terms of
electrical and dielectric properties at that thickness [137].

InApproach the present paper, three distinct graphene dispersions for the subsequent dielec-
trophoretic integration of single- and few-layered graphenes are presented, in order
to evaluate their viability in general and disparity with respect to each other, respec-
tively. The first involves chemically modified GO in aqueous solutions, the second
ultrasonically exfoliated graphene in solvents whose surface energies match that of
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graphene, and the third ultrasonically exfoliated graphene in surfactant-stabilized
solutions. Based on the results of the dielectrophoretic integration, the quality and
suitability of the colloidal solutions, prepared by fundamentally different dispersion
principles, are investigated.

7.2 Experiments

Aqueous GO SolutionsGO solutions are prepared by a modified Hummers method [128], where a
long oxidation period is combined with a thorough purification process. In short, a
mixture of sulfuric acid (H2SO4), sodium nitrate (NaNO3), and potassium perman-
ganate (KMnO4) is used to oxidize the natural graphite powder. This yields highly
oxidized, exfoliated, stable, and extremely pure solutions of chemically modified
graphene and consist of the same dispersions as those used in earlier work [51]. The
solution with a concentration of 0.25 mg/l remains stable for months, without any
indication of sedimentation.

The GO Structureexact structure of GO is still under debate but includes hydroxyl and epoxy
functional groups in the plane and carbonyl and carboxyl groups at the sheet edges
[138]. Due to the distortion of the graphitic network, GO sheets are electrically insu-
lating. Oxygen content reduction, however, renders the sheets electrically conductive
again. Chemical reduction is mostly performed in liquid phase environments of GO
colloidal solutions utilized for subsequent deposition [139], whereas thermal reduc-
tion is better suited and less hazardous for already deposited GO flakes [140].

For Thermal
Reduction

this reason, thermal graphenization in an inert nitrogen (N2) environment at
450 ◦C for 1 h is the method of choice to render dielectrophoretically deposited GO
sheets electrically conductive. To prevent film gasification and ripping due to rapidly
expanding trapped H2O, slow heating ramps of 20 K/min are employed [131]. The
maximum reduction temperature is limited by the thermal stability of the metallic
electrodes.

Liquid Chemically
Unmodified
Graphene

phase production of chemically unmodified graphene is obtained by nat-
ural graphite dispersion in a low power ultrasonic bath (Bandelin Sonorex). Two
distinct solvents are employed to facilitate the layer exfoliation and stabilize the ob-
tained solutions. The first consists of N-methyl-pyrrolidone (NMP), NMPwhose surface
energy is well matched to that of graphene, so that exfoliation freely occurs and
steric stabilization takes place [123].

As SDBSthis solvent is expensive and requires special care when handling, the alternate
approach uses water-surfactant solutions, specifically 1 wt % sodium dodecylben-
zenesulfonate (SDBS) [141]. The surfactant adsorbs onto the graphene flakes and
imparts an effective charge, which is then reported to stabilize the graphene disper-
sion by the electrostatic repulsion of the surface coated graphene flakes, analogous
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to single-walled carbon nanotube solutions [54, 55]. Both solvents represent two
fundamentally opposed dispersion principles. Reports on additional solvents for
liquid phase graphene exfoliation are attributed to one of the described mechanisms
above [142–144].

ForSolution
Preparation

the solution preparation, 1 g of large graphite flakes (NGS Naturgraphit
GmbH, flake size of 5− 10 mm) are dissolved in 100 ml of the respective solvent and
washed by centrifugation to remove any residual impurity contamination (3×5 min
at 10 000 rpm). The precipitate is then resuspended and subjected to ultrasonica-
tion for 15 min to cause exfoliation. The solution is finally centrifuged at 1 000 rpm
for 60 min, the supernatant half decantated and retained. The comparatively low
centrifugation speeds are required to avoid particle sedimentation, which would
consequently yield too dilute graphene concentrations in the solutions as well as too
small flake sizes [123]. To improve contact adhesion, the chips with the deposited
flakes are annealed in a rapid thermal anneal oven (J.I.P. Elec JetFirst 100) under an
inert N2 environment at 200 ◦C for 1 min with a quick heating ramp of 10 K/s.

DielectrophoresisChip
Fabrication

(DEP), which allows the site-selective deposition of micro- and
nanoscale objects in nonuniform electric fields, is then carried out on chips contain-
ing 20 individually accessible electrodes. The gold electrodes have a thickness of
40 nm and a gap of 1− 2 µm between them. They were fabricated using standard
lithography and lift-off techniques [34].

ParticlesCapacitive
Coupling

in a solution move toward regions of high electric field strength if the
polarizability of the particles is greater than that of the suspending medium; oth-
erwise they are repelled [14]. A thin oxide layer between the prefabricated metallic
electrodes and highly doped silicon substrate allows for the capacitive coupling of
the electrodes and consequently enables large-scale integration [31]. This is relevant
for the scale-up of a large number of devices onto a single chip, which can then
be integrated into a wide range of micro- and nanoelectromechanical systems and
transducer applications.

AnDEP Process sinusoidal function generator (LeCroy LW420B) is connected to one side of the
electrodes and creates a sinusoidal potential difference (0.7− 6 Vp at 1− 10 MHz).
Then, a droplet of the colloidal graphene solution (3− 5 µl) is dispensed onto the
chip and the voltage source switched off after 60 s. Following deposition, the chips
are rinsed in deionized water for all experiments performed with aqueous solutions
and in successive baths of acetone, isopropanol, and de-ionized water for exper-
iments carried out with NMP based solutions, in order to remove all remaining
traces of the suspension. The chips are dried by a stream of nitrogen gas. No top-
side metallization is performed, with the graphene nanostructures simply adhering
to the surface of the contact electrodes.

TheDEP
Background

dielectrophoretic force FDEP = (p · ∇) E = vRe [α̃] (E · ∇) E, where p is the
effective dipole moment, v is the volume of the particle, and α̃ is the complex effec-
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tive polarizability, is highly dependent on the gradient of the nonuniform electric
field and the polarizability of the particle [14]. The strongest external influence on
the dielectrophoretic force therefore is the applied voltage, which must be adjusted
according to the polarizability of the particles in the solution. Optimal deposition
parameters are reached just above the deposition threshold, thus minimizing the
induced forces. Additionally, the magnitude of the dielectrophoretic force is propor-
tional to the volume of the particle, which is directly related to the flake thickness.
Thicker sheets are consequently subjected to a larger attraction force.

Topographic, Sample Char-
acterization

material, and electrical characterization of the samples is performed
by light microscopy, scanning electron microscopy (SEM), atomic force microscopy
(AFM), Raman spectroscopy, and electric transport measurements. Electrical mea-
surements of the source-drain current Ids versus gate voltage Vg are performed by
continuous linear gate sweeps with Vg going from −Vg max to +Vg max, with a con-
stant sweep rate and constant source-drain voltage Vds. Ids is amplified by a low
noise, large bandwidth current to voltage amplifier and acquired by a voltage meter.

7.3 Results

First, the results obtained by experiments performed on aqueous GO solutions are
presented, followed by dispersions of graphene in NMP, and concluded with sur-
factant-stabilized aqueous graphene solutions.

AFM GO Flake
Thickness

scans in attractive tapping mode are used to determine the thickness of the
dielectrophoretically deposited flakes and enables conclusions to be drawn on the
number of graphene layers lying between the electrodes. Figure 7.1 shows that it is
possible to deposit single-layer GO by optimizing the dielectrophoretic deposition
parameters (0.7 Vp at 10 MHz). Differential heights between the underlying sili-
con oxide substrate and flake surface are found to be in the range of 1.0− 1.4 nm.
This is in agreement with values determined for well-hydrated GO monolayers and
suggests that the sheets rehydrate on their surface under ambient conditions after
partial thermal reduction [119, 133]. Single-layer GO can be visually distinguished
in the SEM; therefore, AFM topography characterization was only performed on the
most promising specimens. Overall DEP single-layer GO deposition yields bridging
the electrodes for the employed parameters lie between 10% and 20%. For the unsuc-
cessful deposition cases, no sheets at all are observed, the sheets are only attached
to one electrode, or occasionally multiple distinguishable individual sheets bridge
the gaps on top of each other. These results show that the dispersed GO aqueous
solutions are largely made up of single-layer sheets.

As Single-Layer
GO

can be seen in Figure 7.1, the sheets are not perfectly flat, but may contain
creases and folds and show irregular patterns at the edges, which is most probably
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Figure 7.1: Thickness measurements of a single-layer GO flake. (a) AFM scan of a GO flake
deposited by DEP over three electrodes. (b) AFM height traces at different sections of
the flake. The blue trace shows a step height of 1.2 nm between the GO sheet and the
underlying substrate, consisting of the thickness of a fully hydrated layer of GO. The
red trace shows the differential thickness at a fold, made up of two overlapping GO
sheets, which is around 0.7 nm. This suggests an inherent layer thickness of 0.35 nm, in
the range of the graphite interlayer spacing of 0.34 nm.

due to the asperity at the electrode edges that cause local inhomogeneities in the elec-
tric field. The differential thickness at a fold, which is made up of two overlapping
sheets, is measured to be around 0.7 nm. This implies an inherent flake thickness
of 0.35 nm and is in the range of the graphite interlayer spacing of 0.34 nm. Con-
sequently, no water is assumed to be intercalated between the folds after thermal
annealing.

TheThermal
Reduction

incomplete reduction process of the deposited GO sheets is confirmed by
the strong D-band peak in the Raman spectrum [119]. This is shown, for example,
in Figure 7.2 for the flake imaged by SEM. The reference spectrum of few-layer
pristine graphene on silicon oxide, prepared by mechanical exfoliation, is given as a
comparison [145] and emphasizes the high defect density of the thermally reduced
GO sheets.

FigureGO Electrical
Characteriza-

tion

7.3 presents the electrical characterization under ambient conditions of a
narrow and flat dielectrophoretically deposited GO flake, without any creases or
folds and a thickness slightly above 1 nm. Upon deposition, the GO monolayers are
electrically insulating [51]. After annealing, the overall electrical resistance, consist-
ing of the sheet and contact resistance, is R = 128 MΩ for the presented sample.
Despite this very large value, the current-voltage characteristics show linear behavior
up to a measured source-drain voltage of Vsd = ±1 V, which implies that no Schot-
tky barriers and additional barriers exist at the contact interfaces. The obtained sheet
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Figure 7.2: (a) SEM micrograph of a single GO flake and (b) its corresponding Raman spec-
trum after thermal reduction. The strong D-band peak confirms the incomplete reduc-
tion process and the high defect density. The Raman spectrum of a few-layer pristine
graphene flake, fabricated by mechanical exfoliation, is given as a reference.

resistance of RS = 73 MΩ/sq is much higher than for single-layer pristine graphene
and FLG oxide [51] and corresponds to a conductivity value of σ = 0.14 S/cm. This
low conductivity value is attributed to the fact that the sheets are still considerably
oxidized, which is confirmed by the Raman spectrum. Slight p-type behavior of
the GO sheets is observed for gate voltages in the range of Vg = ±10 V. This is in
agreement with previous observations and is attributed to doping by oxygen and/or
water absorption [146]. Also sheet doping, originating from the lateral diffusion of
metal atoms at the contacts along the GO sheet during the annealing process, is
possible [147].

Qualitatively Parallel
Integration

and quantitatively, the dielectrophoretically deposited and thermally
reduced sheets are comparable in their characteristics to randomly dispensed single-
layer GO sheets on a surface, which are then subsequently thermally annealed and
photolithographically contacted by sets of metallic electrodes [131,140,146,147]. This
evidences that the introduced method constitutes a considerable step toward the
parallel integration of micrometer sized monolayer GO sheets, with no serial steps
required anymore.

Dielectrophoretic NMP Sheetsdeposition results of liquid phase exfoliated graphene in NMP
solutions are presented in Figure 7.4. The optimal deposition parameters differ sub-
stantially with respect to those used for aqueous GO solutions and much larger
electric field strengths are required to obtain a deposition yield of 50%-60% (6 Vp
at 1 MHz). For the unsuccessful deposition cases, no sheets at all are observed
and it was never seen that individual flakes deposit on top of each other. AFM scans
show that it is possible to deposit very thin pristine graphene flakes with thicknesses
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Figure 7.3: Electrical transport measurements on a single-layer flat GO sheet. (a) AFM scan
of the electrically probed sample. (b) AFM height trace of the sample, displaying a flake
thickness of a little more than 1 nm. (c) Current-voltage characteristics of the GO layer,
exhibiting an electrical resistance of R = 128 MΩ and conductivity of σ = 0.14 S/cm
after a thermal reduction at 450 ◦C for 1 h in an inert N2 environment. The inset shows
a slight p-type behavior of the reduced GO sheet.

reaching down to 8 nm. This coincides with the limit where few-layer chemically
unmodified graphene flakes can be considered. On average, flakes with thicknesses
of 10− 30 nm are observed for the introduced system.

AsNMP Solution
Quality

the dielectrophoretic attraction force increases proportionally to the volume
of the flake [14], this allows the conclusion to be drawn, that the NMP solutions
are made up of graphene sheets with a maximal thickness comparable to that of the
deposited flakes. Single-layer graphene may be present in the solution but not in suf-
ficiently high concentrations to be successfully dielectrophoretically attracted to the
electrodes, without having to compete against larger flakes subjected to a stronger
attraction force. Graphene solutions largely consisting of single-layer graphene are
therefore expected to yield devices of the same, which underpins the importance of
the solution quality.

ElectricNMP
Measurements

transport measurements on these chemically untreated flakes naturally
result in much higher conductivity values than for the previously discussed GO
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Figure 7.4: Dielectrophoretically deposited FLG from NMP solution. (a) SEM image of an
electrode pair bridged by FLG. (b) AFM scan including height trace, displaying a flake
thickness of 8 nm. (c) Current-voltage characteristics of the FLG flake, exhibiting an
electrical resistance of R = 270 kΩ and conductivity of σ = 15.43 S/cm after thermal
treatment at 200 ◦C for 1 min in an inert N2 environment. The inset shows no gate
dependency.

flakes. A representative resistance, evidenced by the flake shown in Figure 7.4, is
R = 270 kΩ, which corresponds to a conductivity of σ = 15.43 S/cm when tak-
ing its geometry into account. This is two orders of magnitude higher than for
single-layer GO and comparable to previously reported values without top-side met-
allization [136]. The current-voltage characteristics are not perfectly linear, which
presumably arise due to contact barriers at the interface of the thin sheet and elec-
trodes. These are most probably hidden in the GO case due to the much larger
inherent sheet resistances. The metallic behavior is evidenced by the absence of a
gate dependency.
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Figure 7.5: Dielectrophoretically deposited thick graphite flake from aqueous SDBS solution.
(a) Light microscopy image of an electrode pair bridged by a several hundred nanometer
thick graphite flake. (b) SEM image after flake dislocation with a micromanipulator. (c)
Current-voltage characteristics of the bridged flake, exhibiting an electrical resistance of
R = 20 kΩ and conductivity of σ = 1.50 S/cm after thermal treatment at 200 ◦C for
1 min in an inert N2 environment.

Finally,SDBS Flakes the results of liquid phase exfoliated graphene in aqueous SDBS solutions
are analyzed in Figure 7.5. With identical dielectrophoretic deposition parameters
as used for NMP solutions (6 Vp at 1 MHz), slightly lower integration yields of
40%− 50% are achieved. Aqueous SDBS graphene solutions exhibit much thicker
flakes than NMP solutions though, from an observed minimum of around 50 nm
to several hundred nanometers, as depicted in Figure 5. This implies an extremely
low yield of single-layer and FLG exfoliation during the solution preparation and
the remaining of thick graphite particles in the solution. The exact thickness of these
thick flakes is difficult to determine by AFM, due to their height. Furthermore, they
are easily dislocated by a micromanipulator, as can be seen in the SEM image, or even
detached by ultrasonic treatment. This manifests their low van der Waals adhesion
forces to the underlying electrode, an observation never made for flake thicknesses
below 50 nm. The high flake volume and large contact area on the electrode lead
to low resistance values of R = 20 kΩ in their metallic behavior. Assuming a flake
thickness of t = 500 nm, this leads to a conductivity of σ = 1.50 S/cm, one order
of magnitude lower than for thin flakes dispersed in NMP. This is due to the much
more pronounced flake thickness, originating from the low exfoliation yield in the
surfactant-stabilized graphene solution, as the current has to pass through multiple
graphitic layers.
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7.4 Discussion and Conclusions

The Solution
Quality

ability to dielectrophoretically deposit single-layer GO and pristine graphene
is solely dependent on the quality of the solution, as the dielectrophoretic force
increases proportionally to the flake thickness. As shown for the aqueous GO solu-
tions, once it is possible to fully exfoliate natural graphite in liquid phase without
chemical modification, the integration of pristine graphene layers will be possible.
This requires significant progress in the field of liquid phase graphene exfoliation
to be made. Alternatively, a complete reduction in deposited GO sheets on metallic
electrodes could lead to the same result, which, however, is limited by the ther-
mal stability of the electrodes for thermal reduction processes. In any case, a high
quality solution of fully exfoliated and dispersed pristine graphene sheets is of fun-
damental and practical importance for the successful dielectrophoretic integration of
single-layer graphenes, as shown for homogeneously dispersed single-walled carbon
nanotube solutions [34].

Comparing NMP vs. SDBSthe deposition results of pristine graphene flakes dispersed in NMP
and aqueous SDBS solutions, it is confirmed that liquid phase exfoliation of graphene
works best for solvents whose surface energy is well matched to that of graphene,
so that exfoliation occurs freely, in contrast to surfactant-stabilized solutions [141].
The average deposited flake thickness from NMP solutions ranges from below 10
to 30 nm. For aqueous SDBS solutions, the range goes from 50 to several 100 nm.
This infers that surfactants may be well suited for solution stabilization but do not
facilitate ultrasonic graphene exfoliation.

The GO Surface
Conductivity

substantially lower potentials required between the electrodes for the success-
ful integration of single-layer GO sheets are explained by the hydrophilic nature of
GO. The hydroxyl and epoxy functional groups in the plane and carbonyl and car-
boxyl groups at the sheet edges partially dissociate in water and give GO a negative
surface charge. This induces a surface conductivity and consequently a higher polar-
izability of the suspended structure. The Clausius-Mossotti factor, which describes
the relationship between the dielectric constants of two different media and is a key
coefficient in the dielectrophoretic force formulation, accordingly increases in mag-
nitude [14]. This elucidates the comparatively facile dielectrophoretic integrability
of the intrinsically insulating material at values which do not work for the other
graphene solutions. Once deposited, the GO surface conductivity in the aqueous
environment balances the surface potential between the bridged electrodes, so that
the capacitively induced electric field is significantly reduced and no further flakes
are deposited on top of previously integrated flakes, as long as the solution con-
centration and applied potential are not exceedingly large. The same self-limiting
deposition argument holds for the inherently conductive, chemically unmodified
FLG and graphitic flakes. The much higher conductivity for these materials further
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explains why pristine flakes are never seen to deposit on top of each other.
AFlake

Robustness
further observation made is that exfoliated GO in aqueous solutions appears to

be much less prone to rupture during ultrasonic treatment. Starting from identical
initial graphite material, multiple micrometer large oxidized graphene flakes can
still be found in the prepared solutions after sonication for significantly longer than
15 min. In contrast, chemically untreated graphene, which is subjected to the same
ultrasonic bath and conditioning, quickly breaks up into much smaller elements and
after 15 min it is difficult to find flakes larger than 1 µm [123]. The introduced figures
show insofar representative flake sizes observed during the experiments. Chemical
oxidization appears to render the carbon backbone of the graphene structure more
robust.

InConclusions conclusion, a scalable method for the integration of single-layer chemically
modified graphene and few-layer pristine graphene is investigated, with respect to
three distinct solution preparation methods and dispersion principles. The most sig-
nificant finding is that the solution quality is of utmost importance for the successful
integration of single-layer graphene flakes. This is achieved for GO dispersed in
aqueous solutions by a modified Hummers method, in contrast to chemically un-
modified graphene solutions. NMP solutions yield thinner flakes deposited by DEP
than SDBS stabilized solutions. Further progress must, however, be made in the liq-
uid phase exfoliation of natural graphite to reach comparable results to GO. While
two dimensional GO may be used for a large variety of sensor applications after sub-
sequent functionalization, observed limitations in the thermal reduction process are
likely to impede its use as ultrathin transparent conductors. High quality graphene
solutions, largely consisting of single-layer graphene, are therefore highly antici-
pated for parallel graphene integration.
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8.1 Results Overview

Concluding, the present thesis has made substantial contributions toward advanc- General
ing the field of directed bottom-up assembly of high symmetry low-dimensional
carbon nanostructures, such as carbon nanotubes and graphene, by elucidating the
background of dielectrophoretic deposition and by introducing novel processes and
methods for parallel device integration, as shown for piezoresistivity based pressure
sensors.

The framework for dielectrophoretic deposition processes is of crucial importance DEP
Frameworkto understand the effects of applied inhomogeneous electric fields between elec-

trodes when moving particles to desired locations. Three regions are distinguished
by the electrical impedance measurements. In the first region the electric double
layer of the electrolyte solution dominates, in the second region the conductivity
of the electrolyte takes over, and in the third region the capacitive coupling of the
electrodes to the chip substrate becomes the major contributing factor. The detailed
analysis provides important avenues for more efficient particle handling in order to
increase the dielectrophoretic deposition yield in nanostructure based networks.

The aqueous dispersion of high-quality individual SWNTs in ultra-pure long-term SWNT DEP
stable surfactant-stabilized solutions is of prime significance for directed carbon nan-
otube device assembly techniques. Electrical characterization of surface-synthesized
SWNTs dispersed by a short ultrasound pulse and deposited by dielectrophoresis
onto prefabricated electrodes evidences the high quality SWNT raw material, solu-
tion, and contact interface, important for subsequent device and sensor integration.

Using these solutions, the selective dielectrophoretic integration of metallic SWNTs SWNT
Separationis achieved and confirmed by direct electric transport measurements at deposition

frequencies above 188 MHz. A surface-conductivity model is applied and a con-
ductivity weighting factor introduced to elucidate the separation frequency depen-
dence. Low frequency experiments and numerical simulations show that long-range
nanotube transport is governed by hydrodynamic effects, while local trapping is
dominated by dielectrophoretic forces.

Ultimately, using all the above findings, the parallel SWNT based pressure senor Pressure
Sensorassembly is demonstrated. The sensors show high sensitivity at a small size while
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consuming extremely little power. Highest resolution is achieved for large diameter,
low resistance devices at the off-state of small band gap SWNTs, as predicted by the
model of thermally activated transport in carbon nanotubes. The directed assembly
of SGS-SWNTs, enabled by their selective dielectrophoretic integration, and subse-
quent device processing yields robust and long term stable sensors. The scale-up
of the introduced fabrication process is straight forward and is expected to entail
substantial cost benefits, which may provide a viable avenue for SWNT sensor com-
mercialization.

In the end, the dielectrophoretic integration of single- and few-layered graphenesGraphene
DEP is introduced. To achieve single-layer pristine graphene dielectrophoretic deposi-

tion, higher solution qualities must be available, consisting largely of single-layer
graphene sheets. But the reported research is expected facilitate progress toward the
large-scale application of graphene-based devices.

All the above accomplishments will benefit the continuous commercially drivenMiniaturi-
zation miniaturization efforts. The directed assembly of novel low-dimensional materials

has been shown, as well as refined, allowing new approaches to counter the mar-
ket forces of cost reduction, device functionality and energy efficiency. Low cost,
solution based bottom-up technologies are used to assemble functional transducer
elements up to 3 orders of magnitude smaller than the current state of the art while
all along enhancing sensor resolution and dramatically reducing drive current re-
quirements.

8.2 Outlook

In the future, related studies may focus on various different aspects.
One way to improve the dielectrophoretic integration yield is to further enhanceSolution

Quality the quality of the dispersed solutions. By employing different solvents which better
match the respective surface energies of graphene (or carbon nanotubes) and the
liquid, higher concentration (single-layer) solutions can be achieved and their long-
term stability guaranteed [148]. The surfactant-free dispersion of carbon nanotubes
may even be possible, albeit not in aqueous solutions. The solvents also have an
influence on the Clausius-Mossotti factor in the dielectrophoretic force formulation,
which may increase in magnitude with a prudent choice of solvent.

Alternatively, recent advances in the preparation of monodisperse single-walledMonodisperse
Solutions carbon nanotube and graphene dispersions may be used to dielectrophoretically in-

tegrate monodisperse samples. Density gradient centrifugation in conjunction with
a mixture of surfactants is one possible technique to prepare these solutions [56,
149]. The dielectrophoretic assembly of small-diameter semiconducting SWNTs us-
ing these dispersions has recently been shown, something not directly possible by
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dielectophoretic deposition from heterogeneous solutions [150].
By advancing the dielectrophoretic deposition technique, the viability of the meth- DEP Progress

od is further strengthened for large-scale commercial interest. Latest studies have
demonstrated the high mobility and on-state conductance of solution processed car-
bon nanotube transistors assembled by dielectrophoresis [151], low defect density in
the same samples by low-temperature transport spectroscopy [115], as well as device
improvements in the dielectrophoretic fabrication of chemically reduced graphene
oxide field effect transistors [152].

The emergence of graphene has opened up a whole new field of application oppor- Graphene
Applicationstunities which must be carefully evaluated. Depending on the different applications

of biosensors, for example, either carbon nanotubes or graphene may be the mate-
rial of choice, due to their different properties [153]. No material can be said to be
across-the-board better than the other. Also, early application hopes and expecta-
tions must be treated with care, as exemplified by the potential use of graphene for
transparent conductors. Without doping, fundamental limitations appear to inhibit
low sheet resistance in non-suspended samples [154].

A more far-reaching outlook may see the application of the introduced techniques Future
Outlookin the integration of semiconductor nanowires [155] and stretchable electronics [156],

both research fields of great current interest. The explicit focus on applications,
sensors and devices must, however, never be lost.
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