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states with moderate doping. EFi is set to zero.
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Optical transmittance versus wavelength for doped metallic
and semiconducting SWNT films
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(a) (11,10) Semiconducting SWNT 1-D density of states
with heavy doping (c) (10,10) Metallic SWNT 1-D density
of states with heavy doping.
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(a) Optical transmittance spectra of as-made and doped
semiconducting SWNT films. (b) Representative UPS
spectra of as-made and doped semiconducting SWNT films.
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(a) Optical transmittance spectra of as-made and doped
metallic SWNT films. (b) UPS spectra of as-made and
doped semiconducting SWNT films.
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(a) Optical transmittance spectra of as-made and annealed
semiconducting SWNT films. (b) UPS spectra of as-made and
annealed semiconducting SWNT films.
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XPS spectra for (a) as-made semiconducting SWNT film and
(b) annealed semiconducting SWNT film.
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(a) Optical transmittance spectra of as-made and annealed
metallic SWNT films. (b) UPS spectra of as-made and
annealed metallic SWNT films.
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5.11

XPS spectra for (a) as-made metallic SWNT film and (b)
annealed metallic SWNT film.
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(a) Electrical sheet resistance versus time in air for
semiconducting SWNT films. Lines are shown as a guide to
the eye. (b) Optical transmittance versus wavelength for asmade semiconducting SWNT film taken at air exposure times
of 3, 116, and 226 hours. (c) Optical transmittance versus
wavelength for doped monodisperse semiconducting SWNT
films taken at air exposure times of 3, 116, and 226 hours.
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(a) Electrical sheet resistance versus time in air for metallic
SWNT films. (b) Optical transmittance versus wavelength for
as-made metallic SWNT films taken at air exposure times of 3,
116, and 226 hours.
(c) Optical transmittance versus
wavelength for doped metallic SWNT films taken at air
exposure times of 3, 116, and 226 hours.
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5.14

Absorbance versus wavelength for (a) metallic SWNT films
and (b) polydisperse SWNT films. As, and Am are shaded to
illustrate the absorbance contribution from semiconducting
and metallic SWNTs, respectively.
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6.1

(a) Commercial silicon solar cell panel with metallic grids and
busbars (www.midsummerenergy.co.uk). (b) Proposed OPV
architecture incorporating a metallic grid system.

156

6.2

(a) Illustration of metallic grid deposited on SWNT film. (b)
Schematic diagram of current and resistance distribution in
electrode and electrode/contact interface.
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6.3

TLM test structure with a representative plot of total
resistance, RT, versus contact spacings, di, of 0.9 mm, 2.9 mm,
4.9 mm, and 6.9 mm. The extraction of Rc and LT are
illustrated.

159

6.4

I-V curve between silver contact pads on SWNT film.
Inset: Limited range I-V curve of silver contact pads on
SWNT film to illustrate linearity near 0 V.
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6.5

(a) Illustration of electronic band structure of semiconducting
SWNTs in as-made SWNT film not in electrical contact with
silver pad. (b) Illustration of electronic band structure of
semiconducting SWNTs in as-made SWNT film in electrical
contact with silver pad.
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6.7

(a) Illustration of electronic band structure of
semiconducting SWNTs in doped SWNT film not in
electrical contact with silver pad. (b) Illustration of
electronic band structure of semiconducting SWNTs in
doped SWNT film in electrical contact with silver pad. The
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(a) Schematic device structure of OPV on SWNT film. (b)
Current density (J) – voltage (V) characteristics of OPV
devices constructed on SWNTs and on ITO for comparison.
Inset: full-range curves in semi logarithmic scale under
illumination and in dark.
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SUMMARY

Organic electronic devices are receiving growing interest because of their
potential to employ lightweight, low-cost materials in a flexible architecture. These
devices contain organic semiconductor materials that can be uniquely tuned to enable
properties and performance which can be competitive with entrenched inorganic
electronics, while facilitating other exciting niche applications.

Organic electronic

devices such as organic photovoltaics and organic light emitting diodes require the use of
a transparent electrode to allow photons to enter or exit the devices efficiently and to
simultaneously allow the extraction or injection of charge carriers. Typically, indium tin
oxide (ITO) is utilized as the electrode due to its excellent transparency throughout the
visible spectrum, its relatively low sheet resistance, and its work function, which is
compatible with the injection and collection of charge carriers in organic semiconductors.
However, ITO may ultimately hinder the full market integration of organic electronics
due to its increasing cost, lack of mechanical flexibility, chemical instability, and
sustainability pertaining to the environment and material utilization.

Therefore,

alternatives for ITO in organic electronics are being pursued.
Transparent electrodes comprised of single wall carbon nanotubes (SWNTs) are
an appealing choice as a surrogate for ITO in organic electronics because of the
extraordinary electrical and mechanical properties these 1-D structures possess, and the
demonstrated potential of state of the art SWNT films. As such, the research presented in
this dissertation has been conducted to advance the goal of manufacturing SWNT
networks with transparent electrode properties that meet or exceed those of ITO.

xxix

Specifically, ultraviolet photoelectron spectroscopy was used to determine and present
the first summarized report of the variation in work function of as-made, annealed, and
chemically doped polydisperse SWNT films. This information was corroborated with xray photoelectron spectroscopy analysis, optical transmittance observations, electrical
sheet resistance measurements, and a theoretical understanding of carbon nanotube
electronic density of states to clearly elucidate the effect of unintentional and chemically
induced doping on SWNT films. The insight gained from this information was used to
provide evidence of possible spurious observations and conclusions in the present
literature, and a simple optical solution was presented. While the doping effects were
shown to be reversible in air and under moderate thermal loading, sustained electrical
conductivity of heavily doped SWNT films was achieved via a thin conductive polymer
“capping layer”.
In order to fully realize the potential of SWNT networks as a transparent
electrode, monodisperse networks that leverage the electronic homogeneity of the film
were investigated and discussed. Chemically doped semiconducting SWNT films were
found to have superior optoelectronic properties in comparison to similarly processed
metallic SWNT films.

Photoelectronic spectroscopy, electrical sheet resistance

evaluation, and optical spectroscopy combined with a theoretical understanding of
metallic and semiconducting SWNT were employed to clearly describe the impact of
charge carrier doping on these films.
Finally, due to the potential demonstrated for SWNT films, electrical contact
resistance to metallic grids that are often utilized in system level photovoltaic
applications were investigated. The specific contact resistance of SWNT films in contact

xxx

with a metallic silver pad was found to be significantly higher than typical values
obtained in silicon-based photovoltaic applications, thus resulting in non negligible
power losses. This data represented the first reported measurement of specific contact
resistance and thereby provided a forewarning to the SWNT research community of the
potential impact on electrical power losses in organic photovoltaics.
In this dissertation, SWNT films were characterized with regard to the collective
and individual properties of the SWNTs that comprise the network. The insight gained
from evaluation of intrinsic SWNT properties was effectively leveraged to expand the
present understanding of SWNT networks to facilitate future SWNT electrode
development.

xxxi

CHAPTER 1: INTRODUCTION AND MOTIVATION

1.1. Background

Organic electronic devices are receiving growing interest because of their
potential to employ lightweight, low-cost materials in a flexible architecture. These
devices contain organic semiconductor materials that can be uniquely tuned to enable
properties and performance which can be competitive with entrenched inorganic
electronics, while facilitating other exciting niche applications. Organic light emitting
diode (OLED) technology is the leading device platform for organic electronics since
seminal work by Tang et al. [1] on small molecule OLEDs and Friend et al. [2] on
polymer OLEDs. OLED development has recently reached commercialization status
with Sony introducing a 3 mm thick, 11-inch television with a 178° viewing angle based
on OLED technology [3]. OLEDs have also been successfully employed in solid state
lighting applications with research yielding luminous efficacies of 102 lm/W [4]
compared to approximately 15 lm/W and 60 lm/W for incandescent and compact
fluorescent lighting respectively.

Examples of applications that incorporate OLED

technology are shown in Figure 1.1.
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(a)

(b)

Figure 1.1.

(a) Sony OLED TV (http://www.sonystyle.com).

(b) Kenwood OLED

speakers (http://www.gadgetvenue.com/kenwood-oled-speakers-04282414/)

Organic photovoltaics (OPVs) have recently received significant attention based
largely on their capability to enable low-cost, solar-powered technologies with flexible
form factors [5]. In 2007, the market value for photovoltaics exceeded $10 billion with a
yearly growth rate of 30-40% [6]. Because OPVs operate in reverse principle to OLEDs,
some of the fundamental understanding achieved in OLED research can readily be
leveraged in OPV advancement. Therefore, OPVs will continue to benefit from the
successful development of OLED technology.

Similar to OLEDs, OPVs can be

fabricated via evaporation or solution processing of small molecules and/or polymer
blends.

Currently, the best laboratory power efficiencies (i.e. efficiency of light

conversion to electricity) achieved are in the 5-6% range with future achievable goals of
10-15% [6].

2

(a)
Positive
Electrode
Transparent
Substrate

Transport
Layer

(b)

Emissive
Layer

Positive
Electrode

Negative
Electrode

Transparent
Substrate

Donor
Layer

Acceptor
Layer
Negative
Electrode

Figure 1.2. (a) Schematic architecture of typical OLED (b) Schematic architecture of

typical OPV.

Sample OLED and OPV architectures are shown in Figure 1.2. OLED devices
contain active layers consisting of a transport and emissive layer bounded by positive and
negative electrodes. When a voltage is applied across the electrodes, holes are injected
into the transport layer via the positive electrode, while electrons are injected into the
emissive layer by the negative electrode. Electrons and holes then drift to the interface of
the active layers and combine to generate light, which is emitted through the transparent
positive electrode and substrate as illustrated in Figure 1.2a. OPVs operate in a reverse
manner as demonstrated in Figure 1.2b. Light is transmitted through the transparent
substrate and positive electrode where it is absorbed by the organic donor layer, resulting
in the generation of an electron and hole pair. The resultant electron-hole pair, defined as
an exciton, is coulombically bound as it drifts to the interface of the donor and acceptor
layers. If the acceptor layer is appropriately selected, it is energetically favorable for the
exciton to separate at this interface such that the electron is transferred to the acceptor
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layer, while the hole remains in the donor layer. The charges subsequently diffuse to the
electrodes where they are extracted for power output.
As described, both of these devices require the use of a transparent positive
electrode to allow light to enter or exit the devices efficiently and to simultaneously allow
the extraction or injection of charge carriers. Therefore, the selection of an acceptable
transparent electrode is paramount to optimal device performance. Electrodes with poor
electrical conductivities contribute to high device series resistance, Rs, with resistive
power losses, Ploss, defined as

Ploss = I 2 Rs

where I is the current of the device.

(1.1)

Electrodes provide optimal hole injection or

extraction when the work function is as close as possible to the highest occupied
molecular orbital (HOMO) of the adjacent organic layer.

Differences in the work

function and HOMO energy level result in the formation of an energy barrier that holes
must overcome which in turn, further contributes to increase Rs [7]. Specifically, a work
function that exceeds the energy of the HOMO will result in a hole collection barrier in
OPVs, whereas a work function less than the energy of the HOMO will result in a hole
injection barrier in OLEDs. Because organic device layers are typically less than 200 nm
in thickness, an electrode must be sufficiently smooth in order to minimize current
leakage in the device [8]. Furthermore, the electrode must be as transparent as possible
to limit optical losses.
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At present, tin doped indium oxide, (ITO) deposited on glass substrates is utilized
as the positive electrode in standard organic devices, due to its unique ability to
reasonably meet the aforementioned performance criteria. ITO can be rf-sputtered onto
transparent substrates followed by annealing at elevated temperatures to provide a
crystalline structure with a sheet resistance, Rsh, of less than 10 Ω-sq-1 and corresponding
average transmission in the visible spectrum exceeding 90% [9]. ITO is a degenerately
n-doped semiconductor with a work function between ca. 4.3 - 4.7 eV, as reported in the
literature [7, 10]. However, ITO can be surface treated to increase the work function to
become more compatible with the HOMO level of many organic semiconductor layers,
thereby reducing the energy barrier to charge injection [11]. In addition, ITO has a
smooth surface with measured root mean square (rms) roughness values less than 2 nm
[8].
While ITO may be the present solution for organic electronics with seemingly
appropriate material properties for device incorporation, it is accompanied by significant
challenges that may ultimately hinder the full market integration of OLED and OPV
devices. High conductivity ITO requires annealing at high temperatures (> 200 °C) to
achieve crystallinity [12]. However, polymer substrates desired for flexible organic
electronics cannot undergo such elevated temperatures. Thus ITO deposited on flexible
polymer substrates remain amorphous in structure and have considerably higher Rsh (ca.
60 - 300 Ω-sq-1 [13]) than ITO deposited and subsequently annealed on glass. ITO is also
used in liquid crystal displays and plasma screens, which have both experienced
substantial demand increases in recent years.

Therefore, as recently published in

Nature,[14] the price per kilogram of indium, the primary constituent of ITO, has
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increased from $100 in 2002 to $1,000 in 2005 with prices still around $700 in 2007. In
addition, because ITO is an oxide material, it suffers from a lack of mechanical
flexibility. Typical fracture strains are as low as 1.5% which result in catastrophic loss of
electrical conductivity in flexible applications [15]. ITO also suffers from a lack of
surface composition homogeneity and overall environmental instability [16]. Since the
work function of a material is highly sensitive to the state of the surface, the work
function of ITO can vary with its environmental conditions [11]. This instability is
exacerbated in circumstances that require surface treatment to increase the work function
for better organic semiconductor layer compatibility [10]. Also, surface treatment of ITO
can result in increased film sheet resistance due to absorption of oxygen in the film [17].
Moreover, most ITO films are deposited via a sputtering process. Sputtering processes
are especially inefficient [18] and only a small percentage of the sputtered material makes
contact with the substrate. Because the cost of recycling is considerably high, little is
recycled, thereby resulting in significant material underutilization.
alternatives for ITO in organic electronics are being pursued.

Therefore,

These include other

transparent conducting oxides [19], conducting polymers [20, 21], polymer-carbon
nanotube composites [22, 23], and two-dimensional random network single wall carbon
nanotube (SWNT) films [24-27].
Other transparent conducting oxides may ultimately experience similar electrical
and mechanical instability issues that affect ITO, while conducting polymers and polymer
composites suffer from insufficient optoelectronic properties.

Recent polymer based

electrodes demonstrated electrical sheet resistance values of 400 – 2,000 Ω-sq-1 for
PEDOT:PSS films [20, 28] and 250 Ω-sq-1 for PEDOT:PSS-carbon nanotube composites
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[23] in comparison to 10 Ω-sq-1 for ITO. Electrodes comprised of SWNTs are an
appealing choice as a surrogate for ITO in organic electronics because of the
extraordinary electrical and mechanical properties these 1-D structures possess.
Exploiting the metallic behavior of SWNTs is desired because individual SWNTs can
support electrical current densities exceeding 109A-cm-2 [29] while SWNT ropes and
bundles of individual SWNTs have demonstrated axial conductivity values as high as
10,000 - 30,000 S-cm-1 [30].

In addition to significant electronic potential, SWNT

electrodes have been shown to exhibit sustained electrical performance under extreme
bending conditions [31]. The higher work function of SWNTs (ca. 5.0 eV) [32] in
comparison with ITO (ca. 4.3 - 4.7 eV) may provide a more optimal hole injection into
typical OLED hole transport layers due to the reduced energy barrier arising from the
difference of the organic HOMO level and the positive electrode work function [11].
Additionally, a larger selection of organic materials compatible with the high work
function of SWNTs may also be available. Moreover, SWNT films can be processed at
room temperature under ambient conditions. While the potential is great, full realization
of the optoelectronic properties of individual SWNTs integrated into a random network
has yet to be achieved.

1.2. Goals of the Research

Given the potential of SWNT networks, this research will seek to advance the
goal of manufacturing SWNT films with transparent electrode properties that meet or
exceed those of ITO. To this end, methods to enhance the optoelectronic properties of
SWNT films fabricated in a manner consistent with state of the art processing techniques
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will be investigated. In addition, SWNT films will be characterized from the perspective
of the collective and individual properties of the SWNTs that comprise the network.
Insight gained from the evaluation of intrinsic SWNT properties will be subsequently
leveraged to expand the current understanding of SWNT networks and thereby suggest
the best route to successful electrode integration for organic electronics.
The dissertation format will be as follows. Chapter 2 will give background
information and theory necessary for chapters 3-6, in addition to presenting the state of
the art in SWNT films. Chapter 3 will summarize the baseline properties of the SWNT
films used in this study with regard to salient figures of merits. Chapters 4-6 will
demonstrate a clear contribution to the advancement of SWNT films as a transparent
electrode. In particular:
•

Chapter 4 will characterize the optoelectronic behavior of SWNT films via
corroborative theoretical and experimental observations to expand the
understanding of how SWNT electrode properties are enhanced and sustained
through chemical treatment and subsequent processing. This chapter will focus
on SWNT films of heterogeneous electronic type (i.e. metallic and
semiconducting SWNTs present in film).

•

Chapter 5 will present an investigation of SWNT films of homogeneous
electronic type (i.e. only metallic or only semiconducting SWNTs present in
film). The impact of using SWNT films of homogeneous electronic type will be
discussed with regard to how the fundamental electronic properties of SWNTs
can be leveraged to understand network performance.
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•

Chapter 6 will give the first report of the electrical nature of the interfacial contact
between thin SWNT films and metallic contacts. Elucidation of its impact on
device power loss will also be presented.
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CHAPTER 2: RELEVANT SWNT THEORY AND SWNT FILM
BACKGROUND

2.1. Introduction

Originally discovered as a by-product of carbon fullerene research [33], carbon
nanotubes have received prodigious amounts of research interest since 1991. Researchers
have sought to employ the one dimensional nanoscale properties of SWNTs in
applications that range from space elevators [34] and batteries [35] to cancer treatment
[36] and chemical sensors [37]. This dissertation seeks to advance the goal of realizing
the potential of single wall carbon nanotubes in random networks as a transparent
electrode replacement for ITO, in which chapters 3 – 6 will present the research
contribution to this end.

However, to first provide a knowledge framework for

subsequent discussion and theoretical leverage, this chapter will give pertinent
background information on the properties of individual SWNTs with regard to their
application as a thin film network for transparent electrodes. This chapter will also
present a literature review of state of the art in the fabrication of SWNT films to
demonstrate the current viability of nanotube networks as a transparent electrode and to
serve as a basis for the scientific contribution made in this dissertation.

2.2. Carbon Nanotube Structure

As first described by S. Iijima [38], carbon nanotubes are “helical microtubules of
graphitic carbon”. Single wall carbon nanotubes refer to cylinders of graphene with
diameters on the order of nanometers that can have wrap angles from 0 – 30°. As shown
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in Figure 2.1, a chiral vector, Ch, can be used to uniquely identify each possible wrap
angle. Ch is defined as a linear combination of the graphene lattice vectors, a1 and a2:

r
r
r
Ch = n a1 + ma2 ≡ (n, m)

(2.1)

where n and m are integers (n ≥ m) [39] that are used as indices to describe Ch.
Physically, Ch connects two equivalent sites on the original graphene crystal lattice, A
and A', such that the cylindrical nanotube is formed by connecting the two points together
with the cylinder joint made along the lines perpendicular to Ch [39]. The chiral angle, θ,
is defined as the angle between a1 and Ch and is equal to

⎛

3m ⎞
⎟
⎟
2
n
m
+
⎝
⎠

θ = tan −1 ⎜⎜

(2.2)

The range of θ is 0 ≤ |θ| ≤ 30. SWNTs with indices of (n,0) (θ = 0°) are described as
zigzag tubes, because of their zigzag pattern along the circumference. SWNTs with
indices of (n,n) (θ = ± 30°) are described as armchair tubes because of their armchair
pattern along the circumference [40]. All other tubes (n,m) are classified as chiral. An
example of a zigzag, armchair, and chiral SWNT are shown in Figure 2.2.
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Figure 2.1. Graphene honeycomb network with lattice vectors a1 and a2. The chiral

vector, Ch, with (n,m) = (4,2), represents a possible wrapping of the two-dimensional
graphene sheet into a tubular form. The translation vector, T, of the nanotube is also
shown. Adapted from reference [41].

(12,0)

(6,6)

(6,4)

Figure 2.2. Atomic structures of (12,0) zigzag, (6,6) armchair and (6,4) chiral nanotubes.

Taken from reference [40].

Since Ch defines the circumference of the nanotube, the diameter, dt, can be estimated
from
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dt =

Ch

π

=

a

π

n 2 + nm + m 2

(2.3)

where the lattice constant, a, is given by

a = 3aC −C = 3 × 0.142 nm = 0.246 nm

(2.4)

and aC-C, is the nearest-neighbor C-C bond distance.

2.3. Electronic Properties of SWNTs

As cylindrical tubes of graphene, the electronic nature of SWNTs can be best
discussed with reference to planar graphene sheets. Specifically, the electronic properties
can be developed by imposing a periodic boundary condition in the circumferential
direction of nanotubes on the energy dispersion relations for 2-D graphene. The details
of this process are summarized in the discussion to follow.
Graphene is a planar, one-atom thick sheet of carbon atoms in a hexagonal
arrangement similar to a sheet of chicken wire (Figure 2.1). Each carbon atom has four
valence electrons with the electronic structure (2s)2 (2p)2. Three of the four valence
electrons in each carbon atom are hybridized to sp2 orbitals that form strong covalent
bonds with the three neighboring carbon atoms [42]. The remaining valence electron in
the pz, or π, orbital provides the electron band network that is largely responsible for
charge transport in graphene [43]. Detailed electronic band structure calculations for
graphene were first carried by P.R. Wallace [44]. The two dimensional energy, E2D, of
an electron in graphene defined by wave vectors kx and ky was determined to be:
13

⎧⎪
⎛ 3k x a ⎞ ⎛ k y a ⎞
⎛ k a ⎞⎫⎪
⎟ cos⎜
⎟⎟ + 4 cos 2 ⎜⎜ y ⎟⎟⎬
E 2 D (k x , k y ) = ±γ 0 ⎨1 + 4 cos⎜⎜
⎜
⎟
⎪⎩
⎝ 2 ⎠⎪⎭
⎝ 2 ⎠ ⎝ 2 ⎠

1
2

(2.5)

where γ0 is the nearest-neighbor transfer integral. The resulting electronic band structure
for graphene is shown in Figure 2.3. The Fermi energy is located at 0 eV, which is also
where the π and π* bands meet at the high symmetry K point of the Brillouin Zone. π and
π* bands represent bonding orbitals in the valence band and antibonding orbitals in the
conduction band, respectively. The significance of the Fermi energy is that it is the
highest energy level of an electron at a temperature of absolute zero. Graphene is
considered to be a “zero-gap” semiconductor [45], since there is no overlap in the
conduction and valence bands at the Fermi energy. However, because there is also no
energy bandgap as in traditional semiconductors, electrons at the Fermi energy can be
easily elevated to the π* band, thereby allowing graphene to exhibit high conductivity at
room temperature.

Figure 2.3. Electronic band structure of graphene. The π and π* bands meet at the K

points of the Brillouin zone. Adapted from reference [40].
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When a graphene sheet is in the cylindrical form of a carbon nanotube, a periodic
boundary condition can be imposed in the circumferential direction defined by the Ch
such that:

r r
Ch • k = 2π b

(2.6)

where b is an integer [39]. Now, instead of a continuous distribution of available k wave
vectors, only a discrete set are allowed in that direction that satisfy nλde = πdt, where λ is
the de Broglie wavelength [41]. The k wave vectors in the direction of the nanotube axis
remain continuous. The new resulting set of k wave vectors can then be used with Eq.
(2.5) to generate the 1-D energy dispersion relations for carbon nanotubes such that [46]:

⎛ K
⎞
Eμ (k ) = E2 D ⎜⎜ k 2 + μK 1 ⎟⎟
⎝ K2
⎠

(2.7)

where K1 and K2 are reciprocal lattice vectors that correspond to the translation vector, T,
and Ch, from the unit cell in real space (Figure 2.2). µ is an integer (1,2...,N) where N is
the number of hexagons of the graphene honeycomb lattice in the nanotube unit cell. N
also describes the number of discrete wave vectors allowed from Eq. (2.6) and
consequently the number of pairs of energy dispersion curves for each SWNT that results
from Eq. (2.7). The electronic band structures for selected SWNTs are shown in Figure
2.4 [42]. In particular, an armchair (i.e. (n,n)) and two zigzag (i.e. (n,0)) SWNTs are
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shown in Figures 2.4a and 2.4b,c respectively . The energy dispersion curves for the
three SWNTs differ significantly at the Fermi energy. A conduction π* band and valence
π band cross the Fermi energy in the armchair (5,5) SWNT such that metallic behavior is
possible. SWNTs with similar energy dispersion relations are described electronically as
metallic SWNTs. Because all other armchair SWNTs have similar energy bands that
cross at the Fermi energy, all armchair SWNTs are likewise described as metallic. The
zigzag (9,0) SWNT has dispersion curves at the Fermi energy that are similar to the
curves observed in graphene where a valence and conduction energy band meet instead
of cross at the Fermi energy, thus yielding a energy bandgap, Eg, equal to zero. Akin to
graphene, only a negligible amount of energy is needed to promote electrons from the
valence band to the higher energy conduction band, thus permitting SWNTs with such
energy dispersion relations to also be classified as metallic. In contrast, a significant gap
exists between the conduction and valence bands in the zigzag (10,0) SWNT, such that
these nanotubes are defined as semiconducting.

As the diameter of the nanotube

increases, the periodic boundary conditions applied in Eq. (2.6) allow more wave vectors
in the circumferential direction. Also, since Eg ~1/dt [41], Eg disappears with increasing
diameter to the limit of dt →∞, which yields the “zero-gap” semiconducting behavior of
graphene [39].
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Figure 2.4. Electronic band structure of carbon nanotubes (a) (5, 5), (b) (9, 0) and (c)
(10, 0) derived by zone-folding of the band structure of the graphene sheet. γ0 = 2.9 eV.
Adapted from reference [42].

By substituting the wave vector at the Fermi energy of graphene into the periodic
boundary condition in Eq. (2.6), the particular SWNT chiral vectors, Ch, that will result
in wave vectors that include the Fermi energy can be determined. Saito et al. [39] found
the (n,m) indices of Ch to be metallic (i.e. allowed wave vectors include the Fermi
energy) if the following relationship is true:

2n + m = 3q

(2.8)
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where q is an integer.

All other SWNTs are semiconducting.

Under a uniform

distribution of Ch vectors, 1/3 of the nanotubes are metallic and 2/3 semiconducting.
The density of states (DOS) represents the number of available states for a given
energy level and is important in determining the electrical conductivity of a material.
The DOS can be determined from the energy dispersion relations, E(k), by [46]:

DOS (E ) =

2 N
1
δ (Eμ (k ) − E )dE
∑
∫
N μ =1 dEμ (k )
dk

(2.9)

It is known that DOS is affected significantly by geometry. Dimensional confinement
results in considerable departure from the 3D characteristic parabolic relationship of DOS

(

to energy i.e. DOS ~

)

E near band extrema [40]. In 1-D materials, DOS scales with

⎛
⎞
⎟ [47].
the inverse of the square root of the absolute value of E ⎜⎜ i.e. DOS ~ 1
⎟
E
⎝
⎠
Figure 2.5 illustrates this distinction.
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Figure 2.5. Density of states behavior close to a band extrema of E(k) in (a) three
dimensions and (b) one dimension. Adapted from reference [47].

Figure 2.6. DOS versus energy for (a) (5,5), (b) (9,0) and (c) (10,0) SWNT derived by
zone-folding of the band structure of the graphene sheet. Fermi energy located at 0 eV.
Plots created with data from reference [48].
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Figure 2.6 shows the DOS(E) plots for a (5,5), (9,0), and (10,0) SWNTs. The
energy dispersions for these SWNTs were plotted in Figure 2.4. Band extrema from the
dispersion relations are manifested as “spikes” in the DOS and defined as van Hove
singularities [49]. Mirror image spikes exist above and below the Fermi energy. The
origin of the van Hove singularities is clear from Eq. (2.9). As the energy dispersion
relation for each band becomes flat, DOS will be very large (i.e. “spikes” in the DOS
plot) [46]. Comparison of the energy location of band extremas in Figure 2.4 and the
energy location of the van Hove singularities in Figure 2.6 is consistent with this
understanding of DOS and E(k). The one dimensional nature of SWNTs is also evident
as DOS diverges from van Hove singularities with the inverse of the square root of the
absolute value of E.
The DOS plots in Figure 2.6 provide further perspective for understanding the
electronic properties of carbon nanotubes.

As suggested by Saito et al. [39] and

discussed earlier, the (5,5) and (9,0) SWNTs are metallic electronically. Therefore,
available states must exist at the Fermi energy for electronic charge occupation and
subsequent conduction. This is indeed the case for the metallic SWNTs in Figures 2.6a
and 2.6b. In contrast, there is an energy gap of ca. 1 eV between mirror van Hove
singularities where there are no electronic states in the (10,0) SWNT. A clear distinction
can thus be made between the valence and conduction bands in this semiconducting
SWNT. The magnitude of the energy gap in semiconducting SWNTs is found by [50]:

Eg =

2 a C −C γ 0
dt

(2.10)
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As shown in Figure 2.4, a symmetric unoccupied π* energy band exists for every
occupied π energy band. Therefore, wave vector conservation would imply that the
strongest optical transitions would occur between symmetric π- π* energy bands which
share a common wave vector, k [40]. Because of the high density of electronic states
present at van Hove singularities, the energy transitions (Eii) between mirror “spikes”
dominate optical spectra (i.e. high optical absorption will occur at photon energies equal
to Eii). Example Eii are illustrated in Figure 2.7 for the metallic (9,0) SWNT and
semiconducting (10,0) SWNT. For semiconducting SWNTs, Eii, is referenced as a Sii,
and Mii for metallic SWNTs. Based on the work of Kataura et al. [49], Saito et al. [46]
plotted energy transitions versus dt, as shown in Figure 2.8.

Figure 2.7. DOS versus energy for (a) (9,0) and (b) (10,0) SWNT, derived by zonefolding of the band structure of the graphene sheet. Fermi energy located at 0 eV. Plots
created with data from reference [48].
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Figure 2.8. Reproduced Kataura plot of energy separation of van Hove singularities
in carbon nanotubes versus nanotube diameter [48]. Black points are semiconducting
nanotubes while red points are metallic nanotubes. The energy separation of van
Hove singularities for the S11, S22, M11, and S33 energy transitions are denoted.

It must be noted that the zone folding approximation used to determine the
electronic properties of SWNTs with reference to graphene did not consider the effects of
nanotube curvature.

The diameter was only considered to determine a finite

circumferential length used to impose periodic boundary conditions on the allowed wave
vectors. However, because the carbon atoms are located on a cylindrical wall in SWNTs,
the C-C bonds perpendicular and parallel to the axis are slightly different, thus the
conditions that defined the K point of graphene are modified due to tube curvature. As a
result, the K point is no longer the location of the Fermi energy [40, 51]. Therefore, a
small bandgap (Eg*) is induced in chiral metallic SWNTs that scales with 1 / d t2 , in
contrast to the bandgap in semiconducting SWNTs (Eg) that scales with 1 / d t [Eq.
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(2.10)]. Owing to the wrap angle of metallic armchair SWNTs, there is no curvature
induced band gap.

In Figure 2.9 the predicted curvature induced energy bandgaps are

plotted as a function of nanotube diameter [52]. However, as can be seen in the figure,
the scale of Eg* is more than an order of magnitude smaller than the semiconducting
bandgap. For nanotubes greater than 10 Å, Eg* is smaller than kBT at room temperature
(≈ 0.03 eV) such that the effects of Eg* are negligible.
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Semiconducting SWNTs Eg

Energy Bandgap (eV)
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0.0
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Metallic SWNTs Eg*
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8
Nanotube Diameter (Å)
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Figure 2.9. SWNTs energy bandgaps as a function of tube diameter. Three distinct
behaviors are exhibited: semiconducting SWNT bandgaps that scale with 1 / d t (top
panel, top curve), metallic SWNT bandgaps that scale with 1 / d t2 (top panel, lower curve,
and shown in the expanded scale in lower panel), and armchair SWNTs with zero energy
bandgaps. Adapted from reference [52].
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2.4. SWNT Synthesis
The three primary methods of SWNT synthesis are arc-discharge, laser-ablation,
and chemical vapor deposition (CVD). These techniques have been used since 1991 to
produce carbon nanotubes. The details of which are described below.

2.3.1. Arc-discharge
First developed by Iijima in 1991 [33], arc-discharge has been described as the
easiest and most common method to produce carbon nanotubes [53]. A schematic of this
method is shown in Figure 2.10. While both electrodes are graphitic, the anode contains
small amounts of transition metals such as Fe, Co, Ni, or Y to facilitate the production of
single wall carbon nanotubes. In this method, SWNTs are deposited on the cathode as
the anode is vaporized due to a high temperature (> 3000 °C) plasma induced by the arcdischarge between the two electrodes [42]. During processing, a direct current (dc) of 50
- 100A is passed between the anode and cathode at a separation distance of less than 1
mm.
The material deposited on the cathode has a yield of 70 – 90% SWNTs [42].
Accompanying SWNTs are amorphous carbon, graphitic nanoparticles, and metal
catalysts that must be removed in future purification processes. The mean diameter of
tubes is 1.4 nm [54] with lengths up to several microns [47]. The quantity and quality of
SWNTs produced depends primarily on the transition metal / carbon mixture in the anode
[47].
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Anode
Plasma
Cathode

Figure 2.10. Schematic of arc-discharge scheme. Adapted from reference [42].

2.3.2. Laser-ablation
First developed by Guo et al. [55]. laser ablation involves the vaporization of
target located inside a heated tube furnace at ~1200°C with continuous flow of inert gas.
The target consists of a mixture of graphite and metal catalyst (Co, Ni) [56]. A schematic
of the process is shown in Figure 2.11. The nanotubes nucleate in the vapor phase,
coalesce, and condense downstream of the furnace [47]. As such, this method is similar
to arc-discharge production of SWNTs in that both processes consist of sublimating a
mixture of graphite and metals in a reduced atmosphere [47]. The yield and size of
SWNTs produced by laser ablation is also similar to those obtained by arc-discharge (i.e.
> 70% purity, mean diameter of 1.3 nm). Two primary drawbacks of both methods are
(1) the reliance of the process on the evaporation of carbon atoms from solid graphite
targets at temperatures >3000 °C and (2) the resulting SWNTs are tangled which makes
subsequent purification processing difficult [42]. In addition it is more expensive to
produce SWNTs by laser ablation in comparison to arc-discharge due to the laser and
large amount of power necessary [47].
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Figure 2.11. Schematic of laser-ablation scheme. Adapted from reference [42].

2.3.3. CVD
First employed in the production of nanotubes by Yacaman et al. in 1993 [57], the
CVD technique consists of the decomposition of hydrocarbons at moderately high
temperatures (i.e. 750 – 1000 °C) [42, 47, 58]. Typical hydrocarbons include ethylene
[59], methane [58, 60, 61], or carbon monoxide [61]. A schematic of the process is
shown in Figure 2.12. As the hydrocarbons enter the furnace and decompose, carbon is
absorbed by the nanoscale size metal catalyst and subsequently precipitates to form
nanotubes [53]. The metal catalysts are transition metals in which carbon has a high
solubility such as iron, nickel or cobalt.
In contrast to methods that require the sublimation of carbon that result in highly
entangled ropes of SWNTs, ca. 90% of the nanotubes produced from CVD are individual
SWNTs [60]. Also, nanoscale positional control and SWNT alignment can be achieved
using CVD [58]. The diameter of SWNTs produced from this method is closely
determined by the diameters of the catalytic particles [58]. Therefore, the range of
reported SWNTs diameters is 0.7 nm to 5 nm [42, 58]. With typical lengths in the range
of 50 – 250 μm, SWNTs produced via CVD are considerably longer than arc-discharge
and laser ablation. Zheng et al. [62] obtained a CVD fabricated SWNT of 4 cm long.
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Also, SWNTs fabricated via CVD can be directly grown on a desired substrate, in
contrast to arc-discharge and laser ablation methods that require the collection of vapor
produced SWNTs that condense to form a carbon “soot” of entangled nanotubes.

Furnace
Hydrocarbons /
Inert Gas

Sample

Figure 2.12. Schematic of CVD scheme. Adapted from reference [42].

2.5. SWNT Film Electrodes
The architecture of a typical SWNT film is shown in Figure 2.13.

In this

arrangement SWNTs are randomly distributed in a 2-D array. Because of the 1-D nature
of SWNTs, they can be modeled as electronic “conducting sticks” [63]. Due to the
nature of SWNT batch synthesis, 2/3 of the SWNTs in the network are semiconducting,
with the remaining 1/3 being metallic in electronic behavior. Electrical charges are
conducted across the film by traveling along conducting paths similar to the path
illustrated in bold color in the figure.

In this construction, both the SWNT intertube

resistance and the intratube resistance are important in determining the overall film
conductivity.
The random network arrangement of SWNT films permits statistical averaging to
compensate for electrical anisotropy in the film, particularly with regard to varying
electronic type (i.e. metallic and semiconducting). With sufficient SWNT coverage,
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nanotube networks can be fabricated that exhibit metallic behavior in spite of the fact that
2/3 of the network are semiconducting [64].

The converse is true for low density

networks. The metallic SWNTs in low density films are not sufficiently numerous to
form pure metallic pathways in the film [64]. The random architecture also provides
mechanical stability to the network. In this regard, the film can maintain electrical
contact points even under extreme bending [24, 65], as nanotubes pivot at intertube
junctions throughout the film.

(a)

(b)

Figure 2.13. (a) Upper image: Photograph of SWNT electrode on plastic substrate.
Lower image: SEM image of SWNT network. Scale bar = 100 nm. (b) Schematic of
SWNT film architecture. Possible conduction pathway is illustrated in bold.

Numerous techniques for the deposition of thin film SWNT networks onto
transparent substrates have been demonstrated. Primarily these can be classified in 2
categories: (1) direct CVD growth to desired substrate [66] or CVD growth and
subsequent transfer to desired substrate [67, 68] and (2) solution processed SWNT
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deposition. Films grown by CVD have long average tube lengths, few number of tube
aggregation into larger bundles, and the ability to control tube alignment in the film [69].
In general, SWNT films grown in this manner are employed in small scale electronic
applications such as electrical transistors with channel lengths on the same length scale as
the nanotubes ca. < 500 μm [64, 69]. However, for application as a transparent electrode,
the ability to produce large area depositions (ca. > 1 m2) cost effectively is desired for
which films deposited by solution processing are most amenable.

2.5.1. SWNT Solution Preparation
The method used to generate SWNT solutions can be generally described in the
following processing steps: (1) SWNTs are batch synthesized, (2) SWNTs are purified to
remove any residual catalysts, amorphous carbon, and other impurities, and (3) SWNTs
are dissolved into solution with the aid of high power sonication. The details of SWNT
synthesis was previously described (section 2.4). It is known that all current SWNT
synthesis techniques generate significant amounts of carbonaceous impurities, such as
amorphous carbon, graphite sheets, and residual catalysts [42, 70]. Without a rigorous
purity process to remove the aforementioned impurities, subsequent integration of assynthesized SWNTs into organic electronics would result in suboptimal performance.
After successful purification, it is possible to reach purities of SWNTs exceeding 90%
(P3 SWNTs by Carbon Solutions, Inc.). While many variations of purification processes
exist, the most common methods include acid purification and subsequent centrifugation
as primary steps [71, 72]. In this process, SWNTs are refluxed in acid (e.g. nitric acid)
before room temperature cooling, dilution with DI water, centrifugation, and membrane
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filtration [71, 72].

In addition to removing unwanted residual impurities, acid

purification also results in the significant modification of the SWNTs. Because acids,
such as nitric acid, are strong oxidants, too harsh of a treatment can result in the
conversion of SWNTs into carbonaceous impurities [72]. Therefore, much care has to be
undertaken during purification as to only dissolve metal catalysts and attack amorphous
carbon. After membrane filtration, SWNTs are collected and exist in “soot” powder form
in aggregated SWNT ropes that can easily be handled for later processing. SWNT ropes
are bundles of individual SWNTs aggregated together due to the high van der Waals
forces between SWNTs.
With the aid of high power sonication such as probe sonication or bath sonication,
purified SWNTs in powder form can be dispersed into solvents for future solution
processing. Due to the hydrophobic nature of carbon nanotubes, pristine SWNTs will not
readily disperse into aqueous solutions. Therefore, approaches that are most commonly
pursued are: dispersion in organic solvents and surfactant based aqueous dispersion.
Good solubility has been demonstrated in only a limited number of organic solvents, such
as nitromethane [73], N,N-dimethylformamide (DMF) [73, 74], dimethyl acetamide
(DMAc) [74], and dimethyl pyrrolidone (NMP) [73, 74]. However, SWNT dispersion
into these organic solvents typically requires excessive sonication (ca. 100 hours in bath
sonicator [73]) that can lead to considerable mechanical damage and thereby electrical
degradation to the nanotubes [75]. Also, because of down-stream processing, highly
flammable and toxic organic solvents such as those aforementioned are not desired and as
such, water is the preferred solvent.
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Pristine carbon nanotubes are non-polar and thus exhibit hydrophobic behavior in
water. Therefore, the aggregated bundles of SWNTs do not break up and easily disperse
into the aqueous medium. However, amphiphilic molecules (i.e. molecules containing a
hydrophilic head and a hydrophobic tail) such as surfactants can be used to aid in
aqueous dissolution. In this approach, the hydrophobic tail readily adsorbs on the surface
of SWNTs while the hydrophilic head mixes with water (Figure 2.14).

(a)
Hydrophilic head
(b)
Hydrophobic tail
(c)

Figure 2.14. Schematic representations of the mechanisms by which surfactants
adsorb on the surface of SWNTs to aid in dispersion. (a) SWNTs at the core of
cylindrical surfactant micelles (side view on left, cross section on right).

(b)

Hemispherical adsorption of surfactant micelles on energetically favorable positions on
the SWNT. (c) Random adsorption of surfactant molecules on SWNT surface. Adapted
from reference [76].

The surfactant also provides sufficient electrostatic repulsion to nearby SWNTs to
prevent re-aggregation.

With the aid of mechanical sonication to break up SWNT

bundles, the hydrophobic tails of the surfactant can attach to individual SWNTs and
create stabilized solutions of individual SWNTs in water [74]. Figure 2.15 illustrates this
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process. Common surfactants that have been used to disperse SWNTs are sodium
dodecyl sulfate (SDS) [77], sodium dodecylbenzenesulfonate (SDBS) [78], Triton X [65,
79], and poly(vinylpyrrolidone) PVP [78].

The typical surfactant concentration by

weight percent is 1% [13, 80]. Shown in Figure 2.16 are examples of poorly dispersed
and well dispersed aqueous based SWNT solutions.

Mechanical
sonication

Adsorption of surfactant
on individual SWNTs
within the bundle

De-bundled
SWNT

Figure 2.15. Schematic of individual nanotube isolation from bundle via ultrasonication
and surfactant adsorption. Mechanical sonication provides sufficient energy to break up
SWNTs such that subsequent adsorption of surfactants result in de-bundled SWNTs.
Adapted from reference [74].

Figure 2.16. Photograph of poorly dispersed SWNT solutions (2 images on left) and a
well dispersed SWNT solution (image on right). Taken from reference [81].
32

Covalent functionalization of SWNTs can also assist in aqueous dispersion by
creating interactions with the tube surface and surrounding environment. In particular,
covalent functionalization of SWNTs with carboxylic acids (COOH) has been shown to
significantly enhance SWNT solubility in water [82, 83]. Refluxing in nitric acid, or
sonication in a mixture of sulfuric acid and nitric acid lead to high concentrations of
carboxylic acids covalently bonded defects on the sidewalls and the free ends of SWNTs
(Figure 2.17) [84]. Carboxylic acids are preferentially bonded to the highly reactive
defect sites due to large local strains [84]. Surface attached carboxylic acid groups result
in the development of a negative electrostatic charge on the SWNTs [85]. As a result, the
SWNTs lose their pristine non-polar characteristics and become more hydrophilic. Also,
the net surface charges act as repulsive forces between individual SWNTs to promote debundling and hinder subsequent aggregation [85]. Because SWNTs are typically purified
using acid reflux, if no further treatment is taken to remove carboxylic acid groups, all
purified SWNTs will contain a non-negligible amount of acid groups [86]. However,
some SWNTs manufacturers provide SWNTs with enhanced levels of attached
carboxylic acid groups (P3 SWNTs, Carbon Solution, Inc.) by ensuring that functional
groups created during acid treatment are retained throughout the purification process.
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Figure 2.17. Chemical structure of SWNT with carboxylic groups attached. Taken from
reference [84].

Dispersion of SWNTs in solution is done with the aid of mechanical separation
via sonication. The amount of ultrasonic energy necessary to produce stable solutions of
SWNTs is dependent on the surfactant/solvent selection, attractive forces between
individual SWNTs, and the degree of individual SWNT to bundles/ropes of SWNTs
desired (e.g. 100% individual SWNTs with no SWNT ropes or solution containing a
mixture of the two).

As more energy is added to the solution via sonication, the

percentage of individual SWNTs increases. However, sonication has been shown to
induce mechanical damage to SWNTs; therefore, an acceptable compromise must often
be met [75]. After initial SWNT solutions are prepared via sonication, centrifugation is
also used to produce SWNT solutions high in individual SWNT content and low in nonSWNTs impurities [80, 87].

Centrifugation has been shown to remove graphitic

impurities, catalyst residuals, and large SWNT bundles from SWNT solutions due to
density variations [87].

34

2.5.2. SWNT Films Processed From Solution
Successful methods to produce randomized SWNT networks from solution
include spray coating [88], dip coating [65], electrophoretic deposition [89], spin coating
[90], and vacuum filtration [13, 77]. In addition to differing manufacturing complexity,
these methods also vary in scalability, film-to-film consistency, and film properties. The
primary figures of merit used to evaluate SWNT networks as transparent conductors are
sheet resistance, Rsh, optical transmittance at 550 nm, surface roughness, and electrical
stability under bending induced strain.

Prior to presenting the different SWNT film

deposition techniques, these primary figures of merit will be discussed in the following
section.
2.5.2.1. Primary Figures of Merit
2.5.2.1.1. Sheet Resistance of SWNT Films
The sheet resistance of SWNT networks is of importance because of its
contribution to the resistive power losses in organic devices. Rsh losses are in series with
sh
other resistive losses in the devices with an associated power loss of Ploss
= I 2 * Rsh

where I is equal to the current collected by the electrode. Rsh is used to characterize the
two-dimensional electrical properties of the conductor. This property assumes negligible
current flow in the direction perpendicular to the plane of the electrical conductor,
thereby only describing lateral conduction within the film. It is given in terms of Ω-sq-1,
and is defined as

Rsh = R

W
L

(2.10)
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Therefore, Rsh can be simply understood to give the resistance, R, between two contacts
of width, W, at a length, L, apart. Due to the percolating nature of SWNT networks, Rsh
is expected to vary inversely with film surface density [30]. Since surface density is
directly proportional to film thickness (t), Rsh should also scale with the inverse of film
thickness. An example of this relationship is shown in Figure 2.18. A clear inverse
relationship can be seen between Rsh and the film thickness, as Rsh approaches a
saturation level. This can also be illustrated with regard to Figure 2.13 where the
nanotube network was schematically shown. As the film thickness increases, more
conducting pathways are created. Since the conducting pathways are in parallel across
the 2D network, the overall resistance Rsh should also vary as:

Rsh ~

1
R path
x

(2.11)

where x is equal to the number of conducting pathways in the film.
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Figure 2.18. Rsh as a function of SWNT film thickness. Line is drawn as a guide to the
eye. Adapted from reference [91].

2.5.2.1.2. Optical Transmittance of SWNT Films
Typically when the optoelectronic properties of transparent electrodes are
presented and discussed in the literature, the optical transmittance near the visible
spectrum is given [92]. Only wavelengths near the visible spectrum are shown for
electrodes employed in organic electronics because OLEDs emit colors visible in this
range, while the optimal absorption efficiency of OPVs is in the range of 400-800 nm.
Sample SWNT films of varying thickness are shown in Figure 2.19 [91]. As expected,
the optical transmittance decreases with increasing film thickness. By convention, the
transmittance at 520 or 550 nm is given as a representative value of the overall
transmittance in the visible spectrum due in large part to the relative optical consistency
of transparent conductors used as electrodes for organic devices (e.g. Figure 2.19) [93].
Therefore, optical transmittance at 550 (or 520) nm can be seen as a useful gauge of the
transmission losses due to absorption by the electrode.
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Optical transmittance of SWNT films of several thicknesses. Adapted

from reference [91].

As seen in Figures 2.18 and 2.19, optical losses increase with increasing film
thickness due to lower film transmittance while electrical losses decrease with a similar
increase in thickness.

Therefore, a tradeoff must be achieved between optical and

electrical losses in SWNT films. Shown in Figure 2.20 is a plot of the corresponding
relationship and expected competing performance goals. Since, a decrease in Rsh is most
often accompanied with a decrease in transmittance, they are most often combined when
presented. In this regard, Rsh is often quoted with a given transmittance at 550 nm. Since
80% transmittance at 550 nm is often viewed as a standard benchmark transmission that
SWNTs transparent electrodes must meet or exceed to be a viable replacement for ITO,
Rsh is often presented with transmittance ≥ 80% [13, 94]. State of the art optoelectronic
values of pristine SWNT films include Rsh of 186 Ω-sq-1
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and 129 Ω-sq-1 with

transmittances at 550 nm of 86% [94] and 80% [95] respectively. It must be noted that
these state of the art values represent by far some of the best optoelectronic values seen in
the literature. Typical Rsh values with transmittances at 550 nm of 80-85% are in the
range of 250 Ω-sq-1 – 400 Ω-sq-1 [80, 96, 97], with many Rsh values presented on the kΩsq-1 range for a similar transmittance [65, 98].
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Figure 2.20.

Correlation between transparency and Rsh.

Film transparency

represented by transmittance at 520 nm. Taken from reference [91].

2.5.2.1.3. Roughness of SWNT Films
As shown in Figure 1.2, the active layers of organic devices are sandwiched
between the positive and negative electrode.

Because the active layers in organic

photovoltaics are on the order of 10 to 100 nm in thickness due to the relatively short
exciton diffusion lengths [99], the surface roughness of each electrode layer is of
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significant importance to the operation of the device. Highly rough SWNT films can
develop electrical shorts by piercing through active layers to extend to the negative
electrode. An atomic force microscope (AFM) image of example SWNT film (~40 nm
thick) is shown in Figure 2.21 [80]. The average roughness, Ra is approximately 7 nm.
However, a thin layer of a commonly used conductive polymer (PEDOT:PSS) can be
applied to smoothen the sample (Figure 2.21b) to a Ra of 3.1 nm. For comparison, an
AFM image of ITO is shown with a Ra of 2.4 nm [80].

Figure 2.21. (a) AFM image of a pristine SWNT film on glass with an average surface
roughness of ca. 7 nm. (b) AFM image of a PEDOT:PSS – passivated nanotube film
with an average surface roughness of 3.1 nm. Inset: AFM image of typical ITO substrate
on glass with an average surface roughness of 2.4 nm. Scale bar = 1 μm. Adapted from
reference [80].

2.5.2.1.4. Mechanical Stability of SWNT Films
Mechanical stability is determined in SWNT films by measuring electrical
resistance as a function of bending.

SWNT films demonstrate excellent bending

performance as shown in Figure 2.22, where the film resistance is plotted as a function of
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bending angle. For comparison, the resistance of ITO under similar loading is shown.
Even under extreme bending conditions of a 180° bending angle, the SWNT film
exhibited sustained electrical conductivity, while the ITO film experienced catastrophic
electrical failure at a bending angle around 45°. The electrical stability of SWNT films is
further illustrated in Figure 2.23 [65]. As revealed in a less than 10% increase in Rsh after
10,000 cycles of bending to 12.5 mm, SWNT films also demonstrate sustained electrical
conduction under fatigue loading.
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Figure 2.22. Electrical stability of a SWNT film on a flexible PET substrate. Taken
from reference [31].
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Figure 2.23. Change in Rsh (after repeated bending to a radius of 12.5 mm) as a function
of the number of cycles. Mechanical stability is illustrated by a final Rsh of less than 10%
greater than the initial Rsh of 385 Ω-sq-1. The distance between the parallel plates was
changed at a rate of 50 mm-s-1. Scale bar = 5 mm. Taken from reference [65].

2.5.2.2. SWNT Film Electrode Fabrication Methods (Processed From Solution)
2.5.2.2.1. Spray Coating

SWNT
droplets
Substrate on x-y
stage

Figure 2.24. Schematic of spray coating method.
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In this simple approach, SWNT solutions are directly sprayed onto substrates via
an air brush pistol or other “spray” tools (Figure 2.24). The substrate is kept hot during
the process (ca. 100°C) to accelerate drying of the fine solution droplets on the surface
[88].

While the airbrush technique provides a simple and quick method to tune film

thickness, significant heterogeneity on the nanometer scale can exist as evidenced by the
relatively large error bars for film transparency versus thickness in Figure 2.25 reported
by Kaempgen et al. [88]. An example Rsh of SWNT films deposited by these authors was
1 kΩ-sq-1 with 90% transmittance at 500 nm. However, with a Rsh of ca. 160 Ω-sq-1 and
transmittance of 80% at 550 nm, Geng et al. [100] later demonstrated that low Rsh films
could be produced using spray deposition. An acid treatment process was subsequently
used to remove residual surfactant and further decrease Rsh by a factor of ~ 2.5 to a final
value of 70 Ω-sq-1.

Figure 2.25. Transmittance (at 550 nm) versus film thickness of SWNT networks
determined by AFM at step edges. Taken from reference [88].
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Figure 2.26. (a) Ultrasonic spray apparatus. Gas is directed over the atomized SWNT
ink to uniformly dispense SWNTs over the substrate. Figure adapted courtesy Dr. Robert
Tenent at the National Renewable Energy Laboratory. (b) Photograph of ultrasonic spray
nozzle (http://www.sono-tek.com).

The successful deposition of SWNT films by spray coating with high surface
uniformity and low surface roughness was recently achieved by Tenent et al.[101]. They
attributed the improved surface properties to two major advances: (1) aqueous SWNT
solutions were dispersed using a polymeric derivative of cellulose (sodium
carboxymethyl cellulose (CMC)) and (2) ultrasonic spraying of the solution onto the
substrate (Figure 2.26). While other spray techniques utilize SDS to disperse SWNTs
[88], CMC was found to disperse ca. 20 times the amounts of SWNTs into water than
possible with SDS. The authors asserted that due to the strong binding between CMC
and the SWNTs, individual nanotubes were isolated and suspended with more gentle
sonication and centrifugation than typically required for SDS. Their data suggested that
ca. 95% of the SWNTs in the CMC based dispersion were individual in nature versus
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aggregated bundles. The rms roughness of sprayed films was 3 nm over a 10 μm x 10
μm area. A representative AFM image and line scan are provided in Figure 2.27. After
removal of the CMC polymer via overnight exposure to 16 molar HNO3, low Rsh values
of 150 Ω-sq-1 with 78% transmittance at 550 nm were obtained for sprayed SWNT films.
This work represents an easily scalable SWNT film deposition technique, as the authors
demonstrated with an optically homogenous 6 inch x 6 inch SWNT film on glass (Figure
2.27a).

(b)

(a)

(c)

Figure 2.27. (a) Photograph of a 6 inch x 6 inch glass substrate prepared using an
ultrasonic spray technique. Ruler shown below the film for scale. (b) Large-area AFM
image of transparent SWNT film ultrasonically sprayed and subsequently acid treated to
remove polymer dispersant. Inset: High magnification AFM image to reveal resolution
of individual SWNT and/or small bundles. (c) Line scan of film shown in (b), to
demonstrate long-range uniformity and low surface roughness. Adapted from reference
[101].

45

2.5.2.2.2. Dip-Coating
Ng et al. [65] utilized a dip-coating method to fabricate thin networks of SWNTs.
Because SWNTs are intrinsically hydrophobic, Aminopropyltriethoxysilane (ATPS) was
applied to the substrate as an adhesion promoter to facilitate uniform and controllable
nanotube coatings. The substrate was subsequently immersed into the SWNT solution
for 2 minutes to allow the substrate and solution to stabilize. Next the substrate was
withdrawn at a continuous speed and allowed to dry in ambient nitrogen. After drying,
the process was repeated until the desired number of coatings was achieved.

A

schematic of the process is shown in Figure 2.28. The best results were obtained for
films prepared from an aqueous solution of SWNTs dispersed with surfactant (Triton X100). An AFM image of a film dip-coated 5 times is shown in Figure 2.28b. The rms
roughness of the films was ca. 12 nm. Optical images of four samples coated 1, 3, 5, and
10 times are shown in Figure 2.28c. The thickness of the film increased with each
additional coating.

In turn, Rsh and transmittance at 550 nm also decreased with

additional coatings as shown in Figure 2.29. Five coatings were necessary to obtain 84%
transmittance at 550 nm for the Triton X-100 based SWNT solution, compared to 16 for
the SDS based SWNT solution. The Triton X-100 also exhibited a lower Rsh of 2.05 kΩsq-1, in contrast to 2.69 kΩ-sq-1 for SDS. The authors found that a post-deposition acid
treatment was necessary to remove residual surfactant and ATPS from the surface of the
SWNTs and thus result in lower Rsh. A sample film with a Rsh of 736 Ω-sq-1 was shown
to exhibit a factor of 2.7 decrease in Rsh after acid treatment.
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(a)

(b)

(c)

Figure 2.28. (a) Schematic of dip coating procedure. (b) 2 μm x 2 μm AFM image of a
SWNT film after 5 coatings. (c) Optical image of SWNT films after 1, 3, 5, and 10
coatings. Adapted from reference [65].
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Figure 2.29. (a) Transmittance at 550 nm and (b) sheet resistance of SWNT films as a
function of the number of coatings for samples coated with (■) SWNT / Triton X-100
aqueous solution and (▲) SWNTS / SDS aqueous solution. Adapted from reference
[65].

2.5.2.2.3. Electrophoretic Deposition
Lima et al. [89] successfully deposited thin conductive films of SWNTs on
borosilicate glass and poly(ethylene terephthalate) (PET) using a technique based on
electrophoretic deposition.

A thin layer of metal (aluminum or titanium) was first

evaporated onto the transparent substrate to act as the positive electrode during the
deposition. The substrate was then immersed into the SWNT solution and a voltage was
applied between it and a negative electrode also immersed in the aqueous SWNT solution

48

(Figure 2.30). During the electrophoretic process, the SWNTs acquired a negative charge
in the aqueous solution and thus became attracted to the positive electrode.

After

deposition, the substrate was withdrawn from solution and the metal was acid etched
away. The thickness of the SWNT film was controlled by changing the concentration of
the SWNT solution.

Figure 2.30. Schematic of electrophoretic deposition SWNT film deposition. Adapted
from reference [89].

While the obtained Rsh of films fabricated by this method were relatively high (i.e.
Rsh ≈ 1 kΩ-sq-1 with 80% transmittance at 550 nm), the authors contended that
electrophoretic deposition is a promising technique due to the ability to provide patterned
deposition and the smoothness of the SWNT film surface. Shown in Figure 2.31 is a
patterned network used to illustrate the potential for this process. The smallest features
achieved by Lima et al. were of the order of 8 μm. Also, for thin networks (~ 81%
transmittance at 550 nm) prepared from SWNTs dispersed in water with the aid of SDS,
an average roughness of 5.5 ± 3.4 nm was achieved.
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10 μm

300 μm

3 μm

Figure 2.31. Patterned SWNT network prepared by electrophoretic deposition. Adapted
from reference [89].

2.5.2.2.4. Spin Coating
Spin coating is a common laboratory process used to apply uniform thin films to
flat substrates.

An excess amount of solution is placed on the substrate that is

subsequently rotated at high speeds to produce a centrifugal force that spreads the fluid
uniformly over the substrate (Figure 2.32). Yim et al. [102] dispersed SWNTs in
dichloroethane (DCE), for spin coating. The authors suggested that the use of DCE as a
SWNT solvent and subsequent spin coating solution was key, due its ability to disperse
SWNTs and its volatility. The SWNT film thickness was controlled by the number of
times a spin-coated layer was allowed to dry to have a successive layer spin coated on top
of it. For SWNT films prepared on glass substrates, spin coating was repeated 100 times
to obtain an Rsh of 320 Ω-sq-1 with a transmittance of 83% at 550 nm. The rms roughness
of these films was ca. 10 nm.
It must be noted that the use of volatile organic solvents as suggested by Yim et
al. must be approached with a high regard for safety. High quality dispersion of SWNTs
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into solvents (organic or surfactant based) most often require a centrifugation step after
sonication. Therefore, much care must be taken to ensure that during centrifugation, the
centrifuge rotor does not exceed a safe operating temperature for volatile liquids under
centrifugal force. Yim et al. specified that centrifugation at 48,000 g for 20 minutes was
necessary to properly induce sedimentation of large SWNT bundles and carbonaceous
impurities. However, the safety precautions necessary for this step were not discussed. It
is the opinion of this author that organic solvents should be avoided when preparing
SWNT solutions, if centrifugation is necessary.

SWNTs in solution

Figure 2.32. Schematic process of SWNT spin coating procedure. Adapted from
reference [90].

2.5.2.2.5. Vacuum Filtration
The most common method due to its simplicity and processing consistency,
vacuum filtration consists of a vacuum-induced flow of the SWNT solution through a
membrane filter. Surface consistency is promoted by the nature of the vacuum filtration
process [77]. As the solution sifts through the membrane filter, SWNTs are collected on
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the surface, forming an interconnected network [63]. As SWNTs accumulate in one area
of the membrane surface, the permeation rate of the solution is thereby locally impeded
such that areas of less coverage on the membrane can be compensated. During the
process, SWNTs tend to lie straight such that frequent overlap between SWNTs is
achieved [77]. Lastly, the thickness of the film can easily be controlled by the nanotube
concentration and volume of the SWNT solution. After filtration, the film is washed with
copious amounts of water to try to remove residual surfactant adsorbed on SWNT
surfaces. An illustration of this process is shown in Figure 2.33.

SWNTs in
solution
SWNTs
remain
on filter

Filtered
solution

Figure 2.33. Schematic of vacuum filtration process. Inset: SWNTs left on membrane
filter.

Two primary methods exist for transferring the filtered SWNT film from the
vacuum filter to the desired substrates: via an elastomeric PDMS stamp [25] or through
chemical exposure of the filter and film such that the filter paper dissolves away [77]. In
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the former method, an alumina membrane filter is used in the vacuum filtration process.
Conformal contact is made between the PDMS stamp and the SWNT film until full
wetting of the SWNTs on the PDMS is seen. The stamp is then raised from the filter
with the SWNTs attached and subsequently “printed” onto flat substrates with a higher
surface energy than PDMS. Since PDMS has a low surface energy of 19.8 mJ/m2 [13],
SWNTs can be transferred to transparent substrates such as PET and glass with surface
energies of 44.6 mJ/m2 and 47 mJ/m2 respectively [13]. Substrate heating can be used to
further promote film transfer. An illustration of this process developed by Zhou et al.[13]
is shown in Figure 2.34. An added advantage of this method is that PDMS can easily be
molded to transfer patterned SWNT networks as shown in the figure. Li et al. [95]
utilized this method to fabricate SWNT films with a Rsh of 120 Ω-sq-1 and transmittance
of 80% at 550 nm. The rms roughness of films produced in the manner range from 6 -10
nm [13, 95, 103]. A sample AFM image and line scan of the SWNT surface is shown in
Figure 2.35. Also, the adhesion of the SWNTs to the substrate is sufficiently strong, such
that the films could not be removed using Scotch Magic tape [13].
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Figure 2.34. (a) Illustration of a patterned PDMS stamp and SWNT film. (b) Conformal
contact made between the PDMS stamp and SWNTs on the filter. (c) After conformal
contact the PDMS stamp is removed from the filter. (d) PDMS stamp and flat substrate.
(e) Conformal contact made between PDMS stamp and substrate. (f) PDMS stamp
removed from substrate after mild heating. (g) Photo image of patterned SWNT film on
PET. (h) Photo image of SWNT film with 2 inch diameter on PET. Taken from
reference [13].
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Figure 2.35. AFM image of SWNT network. The rms roughness is 7 nm. Adapted
from reference [103].

Wu et al. [77] demonstrated that SWNTs films could be transferred to various
substrates by utilizing a vacuum filtration membrane made of mixed cellulose esters
(MCE) that could be dissolved easily with acetone. After filtration, the MCE membrane
was placed on a substrate with the SWNTs in contact with the substrate. Force was also
applied to promote adhesion of the SWNTs to the substrate. Subsequent acetone baths
were used to dissolve the MCE membrane, leaving behind the vacuum filtered SWNT
film firmly attached to the substrate via van der Waals forces. An illustration of this
process is shown in Figure 2.36. Aguirre et al. [96] used this method to fabricate a
SWNT film with a Rsh of ca. 250 Ω-sq-1 and 80% transmittance at 520 nm. The rms
surface roughness of the film was 12 nm. Wu et al. were able to produce a SWNT film
with a Rsh of 30 Ω-sq-1 and transmittance greater than 70% over the visible spectrum [77].
The Rsh and corresponding transmittance of this film represent the best reported
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optoelectronic properties of SWNT films in the literature. However, it must be noted that
this value was achieved in 2004 and has not since been repeated in the literature.

Figure 2.36. Illustration of the SWNT film transfer via MCE dissolution process. The
process proceeds from left to right. Scale bar is 200 nm. Taken from reference [104].

2.5.3. Parameters Affecting Figures of Merit in SWNT Films
2.5.3.1. SWNT Synthesis Method Impact on Rsh
Zhang et al. [80] compared the sheet conductance of films produced by arc
discharge and HiPCO (High Pressure Carbon Monoxide) processes. They were able to
show substantially better electrical properties of arc-discharged SWNTs with a sheet
resistance 19 times less than HiPCO films with similar transmission at 550 nm. The
superior performance of arc-discharged SWNTs was attributed to factors that include
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nanotube dimensional differences, reduced defect density of arc-discharged SWNTs, the
presence of non-SWNT impurities, and the bundle amount and diameter.
Geng et al. [100] conducted a similar study to ascertain the effect of SWNT
synthesis on the optoelectronic properties of SWNT films. However, in addition to arcdischarged and HiPCO produced SWNT films, laser ablation and CVD synthesized
SWNTs were compared. Similar to Zhang et al., they also found arc-discharge produced
SWNTs to exhibit lower Rsh at a given transmittance in comparison to HiPCO.
Moreover, arc discharge SWNTs had the lowest Rsh of all SWNT types, as shown in
Figure 2.37.

Figure 2.37. Sheet resistance versus transmittance at 550 nm for SWNT films fabricated
from various synthesis methods. Taken from reference [100].

However, Parekh et al. [24] compared the electrical properties of HiPCO
produced and arc-discharge, along with SWNTs produced via laser ablation and observed
no salient differences. Hecht et al. [105] compared laser ablation produced SWNTs to
arc-discharged produced SWNTs and also found similar electrical behavior. It must be

57

noted that the SWNTs produced via different synthesis methods in these studies were
purchased from different carbon nanotube suppliers (arc-discharge were purchased from
Carbon Solutions, Inc. and the HiPCO SWNTs were purchased from Carbon
Nanotechnology Inc.). Therefore, different post-synthesis processing methods by the
different suppliers may have contributed to the contrasting results of Zhang et al. with
similar studies. The study by Geng et al. [100] did not specify that multiple suppliers
were utilized and implied that no differentiation in post-synthesis processing was made
among the various SWNTs. Therefore, it is likely the most accurate comparison of
SWNT synthesis types.

2.5.3.2. SWNT Length and Bundle Diameter Impact on Rsh
Hecht et al. [105] compared the electrical properties of SWNT films with varying
SWNT lengths, L, and bundle diameters, D.

Their results suggested a positive

relationship of lower Rsh with smaller SWNT bundles and longer SWNTs. In their
approach, probe sonication was used to obtain SWNT samples of varying lengths since it
is known that mechanical sonication can be used to cut SWNTs into shorter segment.
Because sonication also reduces the diameter of the SWNTs, it was difficult to fully
decouple the results. The effects of sonication are shown in Figure 2.38. However, since
the bundle diameter did stabilize prior the SWNT length, suggestions could be made
concerning the behavior.
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Figure 2.38. Plot of the (a) average bundle diameter and (b) average bundle length for
various sonication times. (bundle diameter measured from AFM images) Adapted from
reference [105].
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Figure 2.39. SWNT film DC conductivity versus average bundle length. Data were
fitted to a power law, σ ~ L1.46. Adapted from reference [105].

The plot shown in Figure 2.39 was used to ascertain the relationship of the film
conductivity, σ, to average bundle length by Hecht et al. The data was fit to a power law
relationship of σ ~ L1.46. Since Rsh is proportional to the inverse of σ [105],

Rsh ~ L-1.46.

These results are consistent with a qualitative understanding of electrical transport in
SWNT film.

Longer tubes lead to fewer intertube junctions.

Since the intratube

resistance is much less than the intertube resistance [106], longer tubes should thus result
in higher conductive films. Shin et al. [107] examined the effect of nanotube diameter
and film conductivity as shown in Figure 2.40. The data was fitted to suggest a power
law relationship of σ ~ D-1.613 or Rsh ~ D1.613.
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Figure 2.40. SWNT film DC conductivity versus average bundle diameter. Adapted
from reference [107].

These results provide insight into the impact of mechanical sonication on Rsh. As
can be determined from Figure 2.38 in regard to the suggested correlations of Rsh with D
and L, mechanical sonication yielded two competing effects. Increased sonication time
generated smaller diameter bundles which, in turn, should decrease Rsh. On the other
hand, increased sonication time also cut SWNTs into shorter lengths which should
increase Rsh.

Therefore, an optimal sonication procedure must be determined that

provides sufficient mechanical energy to yield small diameter bundles while not
drastically reducing the average SWNT length. For the SWNTs studied in Figure 2.38, a
sonication time between 2 to 5 minutes would likely be optimal.
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2.5.3.3. SWNT Film Fabrication Impact on Rsh
Because different research groups use SWNTs produced from different suppliers
and/or synthesis methods, much caution must be used when comparing Rsh of films
produced by different research groups in the literature. A spurious relationship between
fabrication method and Rsh could easily be made when the actual cause of Rsh variation is
due to the initial electrical properties of the SWNT batch. De Andrade et al. [94]
compared several solution processed SWNT film deposition methods with regard to
electrical conduction. All films were produced by the same research group, which
provided credibility to the comparison of multi-fabrication methods.

SWNTs were

deposited onto quartz substrates via dip-coating (DC), vacuum filtration method (FM),
spray-coating (SC) and electrophoretic deposition (ED).
summarized in Figure 2.41.

The results of their study are

Between SC, FM, and ED there was no observable

difference in Rsh as a function of transmittance at 550 nm. However, they observed Rsh to
be an order of magnitude lower for DC networks. The better conductivity of the DC film
was attributed to the fact that DC processing results in smooth networks (low Ra) with
relatively aligned nanotubes, such that conductivity is enhanced in the direction of
alignment [94]. However, it must be noted that the Rsh of FM produced films of ca. 1000
Ω-sq-1 is significantly higher than other state of the art FM films discussed in 2.4.2.2.6
(i.e. 120 and 250 Ω-sq-1 at 80% transmittance). While not invalidating their results, the
considerable increase in Rsh above what is observed in the current literature suggests
interpretational caution be observed and future supporting references and/or research be
used to corroborate.
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Figure 2.41. Rsh versus transmittance at 550 nm of several SWNTs films prepared
through different techniques. Commercial ITO is shown as a reference. Adapted from
reference [94].

2.5.3.4. Post Deposition Processing Impact on Rsh
To enhance the conductivity of SWNT films while retaining high transmittance,
Zhang et al. [80] carried out chemical doping using thionyl chloride (SOCl2). The SWNT
film was immersed in SOCl2 for 12 hours followed by drying in nitrogen flow. After
SOCl2 treatment, Rsh decreased by a factor of 2.4 to 160 Ω-sq-1 with a transmittance of
87% at 550 nm. The transmittance spectra of pristine and SOCl2 treated films is shown
in Figure 2.42. Only a slight decrease in transmittance due to treatment is observed in the
wavelength range of 300 - 400 nm.
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The SWNTs used in the films studied by Zhang et al. were purchased with high
levels (4-6 atomic %) of carboxylic acid groups covalently bonded to the SWNT
sidewalls and ends. Upon immersion in SOCl2, the carboxylic acids were substituted with
more electronegative acyl chloride groups [24, 97, 108] as illustrated in Figure 2.43. The
acyl chlorides withdrew electrons from the SWNT valence band to p-dope the SWNTs
such that increased electrical conductivity was achieved.
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Figure 2.42. Transmittance spectra of a pristine (dashed line) and a SOCl2
treated (solid line) SWNT film. Adapted from reference [80].
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Figure 2.43. Nucleophilic substitution of carboxylic acid groups on the sidewalls and
tips of the SWNT with acyl chlorides via chemical treatment with SOCl2.

Via immersion in 12 M HNO3 for 60 minutes, Geng et al. [109] increased the
conductivity of transparent SWNT films by a factor of 2.5 to yield SWNT films with Rsh
of ~ 40 Ω-sq-1 and 70 Ω-sq-1 and transmittances of 70% and 80%, respectively. These
optoelectronic properties represent state of the art Rsh and corresponding transmittance.
The authors attribute the conductivity enhancement to removal of residual surfactant
(SDS) used to disperse the SWNTs in solutions. While copious amounts of water are
often used to wash SWNT films after vacuum filtration, X-ray photoelectron
spectroscopy (XPS) revealed non-negligible amounts of sodium in the film after
fabrication, thus suggesting that all of the SDS was not fully removed. Because of its
insulating nature, residual SDS on the surface of the SWNTs would limit tube-tube
contact and thereby significantly increase the intertube junction resistance to electronic
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conduction. After HNO3 treatment, all traces of sodium were removed. Thus, with
enhanced intertube electrical contact, the overall conductivity of the film is thereby
improved. In addition, they suggest that HNO3 treatment also results in the densification
of the film.
Of importance in the study by Geng et al. [109] is their determination that the
electrical enhancement was strictly a function of film densification and SDS removal. It
was specifically commented that there was “little influence from the chemical-doping
effect” and “no significant doping effect was observed”. This is in contrast with other
reports that suggest the conductivity enhancement achieved after HNO3 treatment is in
part attributed to p-doping of the SWNTs due to the highly oxidative nature of HNO3 and
NOx residuals intercalated within the SWNT network [97, 110-113]. Evidence of HNO3
doping can clearly be observed in SWNT films by the bleaching of absorbance peaks due
to energy transitions at the first and second van Hove singularities in semiconducting
SWNTs, labeled as S1 and S2, respectively, as shown by Hennrich et al. in Figure 2.44
[113].
In the opinion of this author, both communities of thought are likely correct.
Removal of residual SDS would surely reduce the intertube electrical resistance of
SWNT films. However, it must be noted that the conventional wavelength range used to
present the optical properties of SWNT films used by Geng et al. [113] do not include the
near-IR spectrum that is seen in Figure 2.44. The optical spectrum presented by Geng et
al. (Figure 2.45) only extends to 800 nm (12,500 cm-1). Therefore, this author cannot
conclude that no p-doping occurs in those SWNTs as suggested.
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Figure 2.44. Far-IR to UV spectra of reference film (SWNTs (I)) comprised of SWNTs
with no chemical treatment and HNO3 treated SWNTs (SWNTs (II)).

Taken from

reference [113].

Figure 2.45. Transmittance spectra of a pristine (solid line) and a HNO3 treated (dashed
line) SWNT film. Adapted from reference [109].
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2.5.3.5. SWNT Film Fabrication Impact on Film Roughness
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Comparison of the roughness of SWNT films prepared by different

fabrication techniques. Commercially available ITO is shown for comparison. Inset:
Micrograph of SWNT film prepared by dip-coating (picture size = 210.25 μm2). Taken
from reference [94].

De Andrade et al. [94] compared several solution processed SWNT film
deposition methods with regards to surface roughness. SWNTs were deposited onto
quartz substrates via dip-coating (DC), vacuum filtration method (FM), spray-coating
(SC) and electrophoretic deposition (ED).

The average roughnesses of the prepared

SWNT films are summarized in Figure 2.46 (for each process more than 10 films were
analyzed). Films prepared by ED were the most homogenously smooth films followed
by DC exhibiting average roughness values around 10 nm. While not as smooth as ITO,
ED and DC films were significantly smoother than films fabricated via vacuum filtration
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and spray coating. However, it must be noted that the Ra of FM produced films of ca. 40
is significantly higher than the rms roughness of 12 nm presented by Aguirre et al. [96].
While not invalidating their results, the considerable increase in roughness above what is
observed in the literature suggests interpretational caution be observed and future
supporting references and/or research be used to corroborate.

2.6. Progress in the Separation of Metallic and Semiconducting SWNTs
In order to fully exploit the electrical properties of SWNTs in conductive films,
networks of monodisperse SWNTs (i.e. only metallic or only semiconducting) are
desired. In this manner, the electronic homogeneity of the network can be leveraged to
provide superior electrical behavior.

Hetereogeneous networks must overcome the

significant barriers to electronic interactions that semiconducting and metallic SWNTs
have between each other [106]. While research is ongoing in methods to batch produce
SWNTs of one electronic type, a SWNT production solution has yet to be achieved.
Also, it has been speculated that specific chiral growth of SWNTs may not be possible
because of stochastic diameter variations during SWNT growth [114]. On the other
hand, other methods have been attempted to achieve monodisperse batches of either
semiconducting or metallic SWNTs. These methods include chromatography [115],
electrophoretic separation [116], selective destruction [117], selective chemistry [118,
119], and ultracentrifugation [120].

Separation by ultracentrifugation is the most

promising and has achieved commercialization status (NanoIntegris, Inc.).

In this

method, a density gradient is initially formed in the centrifuge tube prior to surfactant
encapsulated SWNT loading. Because surfactant encapsulated SWNTs have buoyant
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densities that increase with SWNT diameter [121], during ultracentrifugation, the
SWNTs sediment through the density gradient to the point where the SWNT density
matches the density of the surrounding medium. The net result is that layers of SWNTs
will form in the centrifuge tube of varying buoyant density [114]. This process is
illustrated in Figure 2.47.

Figure 2.47. Illustration of density gradient ultracentrifugation (DGU) process. (a)
Schematic of surfactant-encapsulated SWNTs.

Chiral indices and corresponding

diameters of sample SWNTs are identified. (b) Process illustration with schematic and
photographs of ultracentrifuge tube at different points during the DGU process. Taken
from reference [121].
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2.7. Conclusion
Important background information on the present status of SWNT films and
theoretical development of the electronic structure of carbon nanotubes were presented in
this chapter. A summary of important topics covered in this chapter is as follows

•

Sections 2.2 – 2.3 provided pertinent background information on the electronic
properties of SWNTs.

•

Section 2.4 provided an overview of the three most common methods for the
synthesis of SWNTs.

•

Section 2.5 provided a literature review of state of the art in the fabrication of SWNT
films to demonstrate the current viability of nanotube networks as a transparent
electrode and to serve as a basis for the scientific contribution made in this
dissertation. SWNT films were shown to demonstrate excellent mechanical stability,
rms surface roughness as low as 3 nm, and Rsh values as low as 70 Ω-sq-1 at 80%
transmittance. With an Rsh of ca. 60 Ω-sq-1 at 80% transmittance for commercially
available ITO on PET, current SWNT film state of the art are already competitive
with the optoelectronic properties of ITO deposited on flexible substrates.
Furthermore, the mechanical stability of SWNT films was shown to far exceed that of
ITO.

•

Section 2.6 provided a review of current progress in the separation of metallic and
semiconducting SWNTs.

Outstanding Research Issues
While the current state of the art in SWNT transparent electrodes exhibit
significant capability and future potential, a full understanding of the optoelectronic
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behavior of SWNT networks extending far beyond the laboratory based “Edisonian
approach” has yet to be realized in the SWNT film research community.

This is

illustrated in how the effect of post-deposition processing is a point of contest in the
literature (section 2.5.3.4). Chapter 4 in this dissertation will explicitly address how the
electrical conductivity of SWNT electrodes is enhanced and sustained through postdeposition processing.

To best elucidate the impact of post-deposition processing,

chapter 4 will evaluate the optical and electrical properties of SWNT films from the
perspective of the electronic structure of individual SWNTs provided in sections 2.2 – 2.3
of this chapter. Also, given the recent success in the separation of metallic and
semiconducting SWNTs by research groups such as Prof. Mark Hersam’s group at
Northwestern University, an investigation of the impact of using SWNT films of
homogeneous electronic type is warranted and is presented in chapter 5. Finally, because
the SWNT films discussed in this chapter show significant application potential as a
transparent electrode in organic photovoltaics, chapter 6 will discuss the electrical nature
of the interfacial contact between thin SWNT films and the metallic grid contacts
typically utilized in system level photovoltaic operation.
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CHAPTER 3: BASELINE CHARACTERIZATION OF SWNT
NETWORKS

3.1. Introduction
Chapter 2 provided a review of state of the art SWNT films that exhibited
excellent mechanical stability, rms surface roughness as low as 3 nm, and Rsh values as
low as 70 Ω-sq-1 at 80% transmittance. These properties well position SWNT networks
as a viable potential substitute for ITO on transparent substrates, with current state of the
art already competitive with ITO deposited on flexible substrates. Chapter 2 also posited
important questions remaining in SWNT film research community regarding: (1) how the
conductivity of SWNT electrodes impacted, enhanced, and sustained through postdeposition processing, (2) what is the impact of using SWNT films of homogeneous
electronic type, and (3) what is the electrical nature of the interfacial contact between thin
SWNT films and metallic grid contacts. These questions will be addressed by the
research contribution of this dissertation in chapters 4 – 6. However, this chapter will
first provide a technical basis upon which subsequent chapters can build. In particular,
this chapter will present the methodology used to fabricate SWNT films investigated
later.

Also, the baseline properties of SWNT films will be evaluated to provide a

reference point for comparison with current state of the art and future film processing
evaluated in chapters 4 – 6.

3.2. SWNT Type
Arc-discharge synthesized SWNTs were purchased in powder form from Carbon
Solutions, Inc. (Item #: P3 SWNT). P3 SWNTs (hereafter referenced as SWNTs) are as73

produced SWNTs purified with nitric acid and left in highly functionalized form (4 – 6
atomic % carboxylic acid groups).

These SWNTs were utilized due to the high

percentage of functional groups that aid in subsequent dispersion and substitutional
doping. The metal content (catalyst impurities) of the SWNT powder was quoted as 5-10
weight % and the carbonaceous purity was > 90%. Carbonaceous purity describes the
ratio of SWNTs as a percent of all carbonaceous materials, which include amorphous
carbon and graphitic nanoparticles. The mean length and diameter of these SWNTs are 1
µm and 1.4 nm, respectively.

3.3. SWNT Film Fabrication
The process used in this study to fabricate SWNT film electrodes consisted of an
augmented vacuum filtration and subsequent film transfer method first presented by Wu
et al. [77] and described in chapter 2. While not as suitable for manufacturing scalability
as the spray coating method discussed in chapter 2, this process was selected because of
the ease in which SWNT films of consistent surface morphology with controllable
thickness could be produced. The details of the augmented method are described below
and important steps are illustrated in Figure 3.1.

3.3.1. SWNT Film Preparation Process
1. SWNTs in powder form (Figure 3.1a) were added to 0.5 wt % aqueous
solutions of sodium dodecyl sulfate (SDS). The concentration of SWNTs was typically
1.1 mg / 2 ml.

Then the solution was bath sonicated for 1 hour, followed by

centrifugation at 16,000 rpm for 60 minutes.
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The bath sonicator (VWR 75D) was

operated at 50% for an approximate sonic power of 45 watts. A photograph of the typical
SWNT solution after sonication is shown in Figure 3.1b. During centrifugation residual
metal catalysts and impurities from the manufacturer and any large undissolved SWNT
aggregates and bundles were forced to the bottom of the solution due to centrifugal forces
created during the process. The solution was subsequently carefully decanted such that
only the top ~80% of the sample was removed for further processing. The remaining
bottom ~20% was discarded. The new solution was then sonicated again for 1 hour at
50% power rating and then centrifuged. The second sonication and centrifugation step
was used to facilitate SWNT solutions for further processing free of large bundles and
impurities. After centrifugation, the top ~80% of the centrifuged solution was again
decanted.
2. The concentrated SWNT solution obtained from the previous step was diluted
and subsequently vacuum filtered through mixed cellulose ester (MCE) membranes (GE
Osmonics) with a diameter of 47 mm and a pore size of 100 nm (Figure 3.1d). In order
to promote film formation of homogeneous thickness during the vacuum filtration
process, 30 ml was chosen as the minimum volume of SWNT solution filtered. Solutions
smaller than 30 ml may result in regions of thick/thin SWNT deposits on the membrane
filter.

The concentration of the final SWNT solution vacuum filtered was varied

according to the desired thickness of the resulting SWNT film. Typically, ~0.3 ml of
concentrated SWNT solution from the previous step added to 30 ml of distilled water
would result in a film thickness of 20-30 nm. The vacuum filtration setup is pictured in
Figure 3.1c. Vacuum was provided via a 1/8 HP vacuum pump.
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(a)

(b)
(c)

(d)

(e)

(f)
100 nm

30 nm

Figure 3.1. SWNT film fabrication process. (a) P3-SWNT powders as purchased. (b)
Concentrated SWNT solution. (c) Vacuum filtration setup. (d) SWNT film on MCE
membrane.

e) SWNT film transferred onto PET substrate.

(f) Scanning electron

microscopy (SEM) images of SWNT film.

3. The SDS surfactant used to facilitate dispersion remains attached to SWNTs
after the filtration process. In order to remove the surfactant from the SWNT surface, 40
ml of distilled water was vacuum filtered through the SWNT film as a rinse step.
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However, if the water was poured on the SWNT film prior to the van der Waals forces
between SWNTs in the network developing, the SWNT network integrity would be
compromised resulting in large “swaths” of the SWNT film dislodged from the network.
Therefore, after the SWNT solution was filtered, the MCE membrane was removed and
heated on a hot plate for ~10 minutes at 80°C to promote van der Waals adhesion of
SWNTs and SWNT bundles throughout the nanotube network. Then, the membrane and
SWNTs were placed back on the vacuum filtration flask and distilled water was filtered
through.

3.3.2. SWNT Film Transfer Process
SWNTs on MCE membranes as shown in Figure 3.1d were thoroughly wetted
with isopropyl alcohol (IPA) and applied onto transparent substrates. It was necessary to
wet the SWNTs on the membrane to promote adhesion to the substrate. IPA was used to
wet the SWNTs because of its compatibility with the membrane material and because it
evaporates at a lower temperature than water. Once the membrane was placed on the
substrate and membrane was allowed to dry, the film was quickly placed on the acetone
vapor bath to allow the membrane to begin dissolution. The membrane/SWNT/substrate
was placed into 4 sequential acetone baths to dissolve the membrane such that only the
SWNT film remained on the substrate.
approximately 45 minutes.

Each acetone bath soaking time was

A SWNT film transferred onto a flexible polyethylene

terephthalate (PET) substrate is shown in Figure 3.1e.
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3.4. SWNT Film Figures of Merit
3.4.1. Surface Roughness of SWNT Films
A Dektak 6M stylus profilometer was used to characterize the surface roughness
of SWNT films. A total of 29 random line scans of 600 – 1800 µm in length were taken
over 8 samples. The mean average roughness, Ra, over all samples was 10.48 nm with a
standard deviation of 3.47 nm, comparable to the rms roughness of 12 nm observed by
Aguirre et al. [96]. An AFM surface scan of a representative film is shown in Figure 3.2.
AFM measurements with a Dimension 3100 Nanoscope IV system (Veeco Metrology
Group, Santa Barbara, CA) were also made to provide additional film morphology
characterization and a 5 μm x 5 μm surface scan of a representative film with a Ra of 9.2
nm is shown in Figure 3.2. As can be seen in the figure, considerable surface roughness
exists.

The origin of the spikes can likely be attributed to large SWNT bundles,

carbonaceous impurities, and/or metal catalysts from the initial SWNT “soot” that were
not removed in the centrifugation process described in section 3.3.1.

Additionally,

impurities such as undissolved MCE membrane, and contamination introduced during the
vacuum filtration and subsequent film transfer can contribute to the presence of these
spikes. The presence of “spikes” significantly affects the ability to employ these films as
electrodes in organic electronics with small active layers as discussed in chapter 2.
Therefore it is likely that SWNT films obtained using vacuum filtration and film
dissolution will not provide the most feasible approach to large scale production of
SWNT electrodes, since Tenent et al. [101] has recently shown the ability to produce
SWNT films with rms roughness as low as 3 nm using an ultrasonic spray technique.

78

(a)
5

60 nm

30 nm

2.5

0

2.5

5

0 nm

0
μm

(b)
60 nm

120 nm

30 nm

0

60

0 nm

μm

Figure 3.2. AFM surface image of sample SWNT film demonstrating film roughness.
a) top view (b) surface plot
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3.4.2. Mechanical Stability of SWNT Films
To evaluate the mechanical stability of SWNT films deposited onto flexible PET,
films transferred to PET substrates were attached to mandrels of varying radii and the
associated Rsh was measured. Mandrels with radii of 20 mm, 10 mm, and 5 mm were
used to evaluate films. For comparison, a thin layer of ITO was deposited onto PET
substrates via RF sputtering and subsequently tested for mechanical stability. The ITO
target used had an In2O3 : SnO2 percent composition of 90 : 10. A deposition time of 20
minutes at 60 W resulted in an approximate thickness of 350 nm [122]. An Argon flow
rate of 26 sccm and pressure of 2.0 mTorr was maintained during the deposition. No
substrate heating was applied during deposition. Rsh was measured for each bending radii
and the results are plotted in Figure 3.3. The equivalent tensile strain, e, of each bending
radii is shown in the top axis and was calculated using the standard equation for strain:

e=

t
2

(3.1)

t
rb +
2

where t and rb are the thickness and the bending radius, respectively. Since the ITO
thickness (0.3 μm) and SWNT film thickness (0.03 μm) were much less than that of the
PET substrate with a thickness of 150 μm, t was approximated as the thickness of the
PET substrate. Up to 10 mm, neither film demonstrated any adverse response to bending.
However, at a bending radius of 5 mm, Rsh of the ITO film increased to greater than
30,000 Ω-sq-1, while SWNT films exhibited no salient change in Rsh. The strain at which
failure of ITO was observed is consistent with other reported data on the strain at which
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ITO fails due to crack propagation [15, 123].

While an appreciable amount of

conductivity was returned upon eliminating the bend in the ITO, Rsh was still more than 2
orders of magnitude higher than initially recorded. Rsh of SWNT film was constant with
bending because of the random network properties of the film. As the curvature of the
film was increased, SWNTs are free to slide and pivot at interfaces while electrical
contact between SWNTs was maintained.

As such, none of the initial electrical

conduction pathways are broken and mechanical stability was exhibited.

Bending Radius

Electrode
Sample

Figure 3.3. Mechanical properties of ITO and SWNT films. Sheet resistance is plotted
as a function of bending radius. The corresponding strain for each bending radius is
shown on the top x-axis. A schematic of the testing apparatus is shown on the right.

3.4.3. Optoelectronic Properties of SWNT Films
As previously described, vacuum filtration of SWNT films provides a simple

81

process for which the film thickness can be controlled. As a result, film transparency
and Rsh could also be varied in this study. Optical transmittance spectra of sample
SWNT films are shown in Figure 3.4. Optical transparency was characterized by
measuring

the

transmittance

spectrophotometer.

using

a

Cary

5E

UV-Vis-NIR

dual-beam

The transmittance of the transparent substrate was set as the

baseline and subtracted from the optical spectra.

Thus, the provided spectra

correspond to the transmittance of the SWNT film.

Figure 3.4. Transparency in the visible and near infrared spectrum and corresponding
Rsh for various SWNT films.

For transparent electrode applications in organic electronics, transmittance in the
wavelength range of 400 nm to 800 nm is optimal. Therefore, only the wavelength range
of 350 nm to 1100 nm is shown in the figure. Percolation theory predicts a critical
density (SWNTs per area), or a percolation threshold, such that metallic pathways exists
and long range conductivity is established. Prior to reaching the percolation threshold for
metallic conduction, conductivity is dominated by semiconducting tubes that comprise
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the majority of the SWNT population. Therefore as the density is increased, more
metallic tubes contribute to conduction, thereby significantly reducing the sheet
resistance, as evidenced between the two most transparent films (91% and 84%
transmittance at 550 nm) with sheet resistances of 855 ± 51 Ω-sq-1 and 391 ± 26 Ω-sq-1
respectively. However, beyond the percolation threshold, increasing SWNT density only
adds more metallic pathways in parallel with existing metallic pathways (i.e. parallel
resistor model). These conducting paths still contribute to lower sheet resistance, but do
not provide as substantial a decrease, as seen in the decrease from 391 ± 26 Ω-sq-1 to 231
± 6 Ω-sq-1 for the films with transmittances at 550 nm of 84% and 74% respectively.
The Transfer Length Method (TLM) [124] was used to determine Rsh of the
SWNT films in this dissertation. Silver metal was e-beam deposited on the films
through a shadow mask to define fine metal lines on the SWNT films. The spacing
between the lines (di) was linearly increased from 0.9 to 6.9 mm.

The sheet

resistance, Rsh, was derived from the slope, m, of the plot of the two-point resistance
between adjacent lines versus line spacing using:

m=

Rsh
W

(3.2)

where W is the width of the metal line and was equal to 1 cm for all lines.
is illustrated in Figure 3.5.
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Figure 3.5. (a) Photograph of testing apparatus. (b) Application of Transfer Length
Method used to determine Rsh in SWNT films. Total resistance is plotted versus contact
spacings of 0.9 mm, 2.9 mm, 4.9 mm, and 6.9 mm. Fitted least squares line is used to
determine the slope, m. Inset illustrates metal lines deposited on SWNT films.

The statistical variation of Rsh between films of similar transparency was
determined by analyzing 12 SWNT films produced between April 1, 2008 and June 26,
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2008. The mean Rsh of these films was 332 ± 49 Ω-sq-1 with a transmittance of 80 ±
1.7% at 550 nm.

3.4.4. Error Analysis of Rsh Determined from TLM
Using a general error propagation approach, the relative uncertainty for Rsh can be
found by differentiating Eq. 3.2 [125].

ΔRsh
ΔW
Δm
≅m
+W
m
W
Rsh

(3.3)

where ΔRsh, ΔW, and Δm denote the error of Rsh, W, and m respectively. Because the fine
metal lines were deposited via ebeam deposition through a shadow mask of consistent
dimensions, ΔW was considered to be negligible. For a sample size of 23 SWNT films
the average m was found to be 333 Ω-(sq*cm)-1 with Δm = 10.1 Ω-(sq*cm)-1. Therefore,
the relative error for Rsh is equal to 3%.

3.4.5. Sources of Variability in SWNT Films
Due to the considerable number of processing steps involved in the fabrication of
SWNT films (section 3.3), sources of variability exist that can impact the capability to
repeatedly produce SWNT networks of similar transmittance and/or sheet resistance. For
example, the concentration of the SWNT solution that is vacuum filtered through the
membrane, as described in section 3.3.1, can vary based on the amount of SWNTs in
large bundles of high density that are removed via centrifugation. The variance in the
decanted solution from the centrifuge process is attributed largely to the effectiveness of
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the prior sonication step in separating SWNT bundles into individual nanotubes and the
degree in which re-aggregation of individual SWNTs into bundles occurs. Variability is
also introduced during the vacuum filtration process. Variance in the pore size of the
membrane filters can result in differing amounts of SWNTs remaining on the film after
the vacuum process. In addition, as the diameter of the SWNTs and SWNT bundles
increases due to re-aggregation or ineffective sonication, the amount of SWNTs that
remain on the membrane filter will increase as well; thus providing further variation in
the filtration process.

The SWNT diameter distribution also yields variance in the

optical absorption of film, since larger SWNT bundles decrease the void fraction of the
nanotube network and increase the overall optical absorption for a given film thickness.

3.5. Conclusion
This chapter provides a description of the process used to fabricate SWNT films
and a baseline characterization of “as-made” SWNT films (i.e. no augmentation made to
film or fabrication process to improve optoelectronic performance) studied and presented
hereafter in this report. Similar to state of the art SWNT films presented in chapter 2, the
as-made film evaluated in this chapter exhibited no salient electrical degradation with
mechanical strain due to bending. Also, with an average Rsh of 332 Ω-sq-1 at 80%
transmittance, the optoelectronic properties of as-made films are within the range of
typical Rsh values reported in the literature (250 Ω-sq-1 – 400 Ω-sq-1 with transmittances
at 550 nm of 80 – 85%) [80, 96, 97]. Therefore, the as-made films discussed in this
chapter provide a good reference point for subsequent chapters (chapters 4 – 6) that will
enhance the current understanding of SWNT networks with regard to their application as
a transparent electrode surrogate for ITO.
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CHAPTER 4: ENHANCED ELECTRICAL CONDUCTION IN SWNT
FILMS

4.1. Introduction
The SWNT films presented in the chapter 2 and 3 demonstrated significant
optoelectronic potential, with state of the art sheet resistance, Rsh, values as low as 70
Ω-sq-1 at 80% transmittance. However, as discussed in chapter 2, the origin of such
improvement over standard SWNT films is a point of contention and ambiguity in the
literature.

To enable further progress in developing these electrodes, an

understanding beyond the laboratory based “Edisonian approach” must be developed
so that the mechanisms by which such results are derived are correctly understood.
As a better comprehension is developed within the research community of how high
electrical conductivity is achieved in SWNT films, realization of the full
optoelectronic potential of SWNT networks is achievable. As such, it is the goal of
this chapter to communicate a lucid understanding of conduction in SWNT films and
the methods by which improvements are achieved. First, a qualitative understanding
of electrical conduction in SWNT film is presented to serve as a basis for further
discussion. Next, multiple modes of experimental characterization are corroborated
with theoretical SWNT electronic structure to clearly depict the impact of charge
carrier doping on the optical and electronic properties of SWNT films. Finally, the
stability of such enhancements is investigated and a method to sustain improvements
is presented.

87

4.2. Electrical Conduction in SWNT films
Electrical conduction in SWNT films can be modeled as a network of 1-D
conducting sticks [63] as shown in Figure 2.13 in chapter 2. Appreciable conduction
is obtained when a percolation threshold is achieved, such that sufficient nanotubes
are present in the film to form a continuous conducting pathway. As the density of
nanotubes is increased beyond the percolation threshold, more parallel conducting
paths are created.

The addition of more conducting paths reduces the overall

resistance to current flow, as would be expected in a conventional parallel resistor
model. The resistance along a particular conduction path, Rpath, in the film can be
understood with the simple model:

R path = RSWNT − SWNT + RSWNT

(4.1)

where RSWNT and RSWNT-SWNT are the intratube and intertube SWNT resistances,
respectively. Because typical SWNT films contain a mixture of 33% metallic and
66% semiconducting carbon nanotubes, the majority of 1-D nanotube conducting
sticks in the percolation model have significant intrinsic electrical barriers to
conduction. RSWNT for intrinsic semiconducting SWNTs is much higher than RSWNT
for metallic SWNTs. Also, RSWNT-SWNT for metallic-semiconducting SWNT intertube
contacts has been experimentally shown to be two orders of magnitude higher than
contacts for semiconducting-semiconducting and metallic-metallic SWNT interaction
[106]. As such, the best possible path for electrical conduction in an intrinsic SWNT
network would consist of all metallic SWNTs. Therefore, the relative high sheet
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resistances presented in Chapter 3 are expected, given that only one third of SWNTs
in the random network are intrinsically metallic. Consequently, the possible 1-D,
high conduction pathways which exist in SWNT network are limited.
In order to lower Rsh for SWNT films in the context of a parallel resistor model
of 1-D conducting sticks, either more parallel resistors of similar Rpath can be added to
the network, or Rpath for the existing pathways can be decreased. In Chapter 3, more
parallel resistors were added by increasing the total density of nanotubes in the
network. However, to favorably compete with ITO as a transparent electrode, both
methods of improvement must be strategically employed in order to realize a highly
conductive transparent electrode.
It has been shown that the conductivity, σ, of SWNT films can be considerably
enhanced through chemical treatment that results in the addition of charge carriers
either in the form of hole or electron doping [108, 126, 127]. RSWNT-SWNT is limited by
a tunneling barrier between nanotubes in electrical contact. As the density of charge
carriers, n, is increased in the SWNT film, local electric fields are created at SWNT
interfaces that can modify the shape and height of tunnel barriers [128]. In fact, the
hole doping process used later in this chapter has been shown to increase tunneling
probability in SWNT films, thereby resulting in lower RSWNT-SWNT [129]. Also, σ is
related to the density of free charge carriers in a material by:

σ = neμ

4.2

where n, e, and μ are the charge carrier density, electronic charge, and charge
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mobility, respectively. Sufficient degenerate doping can result in the metallization of
semi-conducting tubes, thus electrically activating previously non-conducting,
semiconducting pathways.
For the development of electrode materials for organic electronic applications,
p-doping of the SWNT films is the preferred treatment, since holes are
collected/injected at the electrode and organic material interface. HNO3 and SOCl2
have been shown to significantly p-dope individual SWNTs as evidenced through the
effective pinning of the Fermi Level inside the valence band [108, 112, 113]. As
shown in Figure. 4.1a, HNO3 molecules and/or NOx residues dope the SWNTs by
intercalation within the network [111]. As illustrated in Fig. 4.1b, exposure to SOCl2
results in the nucleophilic substitution of carboxylic acid groups on the sidewalls and
tips of the SWNT with more electronegative acyl chlorides [24, 108]. Since chemical
treatment with HNO3 and SOCl2 can p-dope individual SWNTs through different
mechanisms, it is expected that both processes can be utilized to achieve optimal
electrical behavior.
To evaluate impact of doping on the optoelectronic properties of SWNT film,
as-made SWNT films will be characterized and compared with chemically treated, pdoped SWNT films in the section to follow.
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(a)

(b)

Figure 4.1.

(a) Simple space filling model of intercalated HNO3 molecules within a

SWNT unit cell. (b) Nucleophilic substitution of carboxylic acid groups on the sidewalls
and tips of the SWNT with acyl chlorides via chemical treatment with SOCl2.

4.3. Impact of Doping on SWNT Film Electrical Properties
4.3.1. Optical and Electrical Characterization of As-made and Doped SWNT
Films
As-made transparent SWNT films were prepared as described in Chapter 3.
Hole doping of the SWNT films through chemical treatment was performed by
immersing the films into solution for 30 - 45 minutes. These doping times were
utilized since additional testing revealed no salient difference in the electrical
properties of the films with increased immersion times up to 12 hours.
immersion in the acid, the films were carefully air blown dry.

After

Films were

subsequently heated in an oven at 80°C for up to 10 minutes. The heating step was
proven effective to remove the optically visible haze that formed on the substrate (due
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to SOCl2 treatment), thereby eliminating optical transmission losses due to doping.
Sheet resistance was measured approximately four hours after doping
treatment due to the time dedicated to drying the film and the subsequent deposition
of silver lines.

In addition to measuring the sheet resistance of the transparent

electrode, the optical transparency was characterized by measuring the transmittance
using a Cary 5E UV-Vis-NIR dual-beam spectrophotometer.

Figure 4.2. Optical transmittance of an as-made SWNT film.

Fundamental information on the specific properties of individual nanotubes and
bundles can be found if a broader spectrum is analyzed beyond the typical wavelength
range of 350 – 1100 nm as shown in Chapter 3. Shown in Figure 4.2 is the optical
transmittance of an as-made SWNT film. The transmittance is plotted as a function of
wavelength as was previously shown in Chapter 3. However, the wavelength range is
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extended to 2500 nm, thus encompassing more of the near infrared spectrum (i.e. 750 –
2500 nm).

(b)
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Figure 4.3. (a) Schematic diagram illustrating absorption at van Hove singularities in
in semiconducting SWNTs.

(b) Schematic diagram illustrating absorption at van

Hove singularities in metallic SWNTs.

Evident in the as-made SWNT film in Figure 4.2 are the characteristic absorption
peaks attributed to electronic transitions between mirror image van Hove singularities
above and below the intrinsic Fermi level, EFi [49]. EFi describes the energy level of the
Fermi energy when no charge carriers have been extrinsically added. Interband energy
transitions in semiconducting SWNTs are referenced as S11 and S22 respectively, while
the intraband transition in metallic SWNTs is labeled as M11. The absorption processes
at these singularities are illustrated in Figure 4.3 for semiconducting and metallic
SWNTs. In this figure, the electronic density of states is plotted versus energy, with zero
energy denoting the intrinsic Fermi level position. As light interacts with SWNTs, peak
photon absorption occurs in energy ranges where the electron density reaches a local
maximum, i.e. van Hove singularities. The mean diameter of the SWNTs in this study is
approximately 1.4 nm. As such, the Kataura plot [49] of the energy separation of van
Hove singularities in SWNTs as a function of SWNT diameter can be used to predict
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interband optical energy transitions. The expected S11 and S22 energy transitions for
semiconducting SWNTs are 0.6 eV and 1.2 eV, respectively, and an intraband transition
of 1.8 eV for the metallic M11 transition. A reproduction of the Kataura plot is shown in
Figure 4.4 [48].

S33
M11
S22
S11

Figure 4.4. Reproduced Kataura plot of energy separation of van Hove singularities
in carbon nanotubes versus nanotube diameter [48]. Black points are semiconducting
nanotubes while red points are metallic nanotubes. The energy separation of van
Hove singularities for the S11, S22, M11, and S33 energy transitions are denoted.

The observed absorption peaks in Figure 4.2 compare well with expected optical
transition energies from the Kataura plot. An absorption peak can be seen for the M11
transition at ca. 1.7 eV, while peaks observed for the S11 and S22 transitions are located at
ca. 0.7 eV and 1.2 eV respectively.

However, absorption attributed to the S11 energy

transition in Figure 4.2 is diminished with respect to the absorption expected from
semiconducting SWNT density of electronic states. The bleaching of the S11 energy peak
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can likely be ascribed to the oxidation of SWNTs from oxygen adsorbed on the surface,
as has been shown by other studies [72, 130]. As a result of oxidation, electrons in the
valence band are withdrawn and therefore no longer contribute to interband energy
absorption.

The withdrawal of electrons can be conversely viewed as the injection of

holes. Therefore, in the as-made film, a non-negligible amount of “unintentional” hole
doping seems to occur. The SWNTs used in this study were not isolated from laboratory
air during processing, nor was the exposure to oxygen history of the SWNTs as received
from vendors known. Thus, it is highly likely that the SWNTs had significant exposure
to oxygen and the resulting S11 peak bleaching due to oxidation is within reason.

Figure 4.5. XPS spectra for (a) as-made SWNT film and (b) annealed SWNT film.
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Table 4.1. XPS atomic ratio of oxygen to carbon species in SWNT films.
O:C
Range
Average
0.254
As-made film
[0.253, 0.255]
Annealed film [0.175, 0.188]
0.181
Percent change
-29%

In order to validate the presence of oxygen on SWNT surfaces, X-ray
Photoelectron Spectroscopy (XPS) was performed on the as-made film. XPS is a reliable
measurement tool used to determine the chemical composition of materials and has been
utilized to characterize SWNT films in prior reports [108]. The oxygen to carbon ratio as
determined from the XPS spectra is shown in Table 4.1. Two locations were analyzed on
each film and the average and range are included in the table. A representative XPS
spectrum is shown in Figure 4.5a.

Peaks associated with the binding energies of

electrons from the 1s orbitals of oxygen and carbon atoms are denoted in the figure. A
significant amount of oxygen species was found in the as-made SWNT network as
indicated by the O1s peak in the spectrum and an average oxygen to carbon ratio of
0.254. A further validation of the presence of oxidation from air exposure was achieved
by annealing the as-made SWNT films in vacuum at 200°C overnight (i.e. 14 hours) to
remove adsorbed oxygen. Comparison of XPS measurements before and after annealing
revealed a corresponding substantial decrease in the oxygen content of 29%. A reduced
signature from the O1s electrons can be also be seen in Figure 4.5b. The remaining
amount of oxygen species measured with XPS can likely be ascribed to carboxylic acid
groups (OH–C=O) that are bonded to SWNTs during the purification process performed
by SWNT manufacturers [72, 86]. After annealing, a substantial increase in the S11
absorption peak can be seen in the transmittance spectra of an as-made and annealed film
presented in Figure 4.6. Because the adsorbed oxygen species present on the SWNT
surface prior to annealing have been removed, electrons are returned to their initial state
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in the first van Hove singularity.

Consequently, photon energies equal to the S11

electronic interband transition will be absorbed as evidenced in the transmittance spectra
at ca. 1850 nm.

Figure 4.6. Optical transmittance spectra of an as-made and annealed SWNT film.

As a result of the “unintentional” oxygen doping of SWNT films, it is expected
that the as-made film should demonstrate a lower Rsh than the annealed film due to
moderately doped semiconducting SWNTs that now exhibit metallic behavior. This is in
fact the case in the two films. Prior to annealing, the as-made film had an Rsh of 367 ± 10
Ω-sq-1, compared to 2611 ± 204 Ω-sq-1 after.

This can be understood given the

conducting sticks percolation model discussed in section 4.2 where previously nonconducting pathways now contribute to the parallel network conduction as a result of the
unintentional degenerate doping of the semiconducting tubes. The Rsh of the annealed
film only represents the contribution of metallic SWNTs, a third of the network
composition, that form percolating conduction pathways in the network.
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As the

semiconducting SWNTs are oxidized in the presence of adsorbed oxygen, p-type charge
carriers are injected into the SWNTs, thereby resulting in more conducting pathways in
the film. Given the parallel resistor construct presented earlier, more parallel pathways
should significantly reduce the overall film resistance. The reduction in Rsh of almost an
order of magnitude in the experimental results supports this model.

Figure 4.7. Optical transmittance spectra of an as-made and doped SWNT film.

The effect of further p-doping of SWNT films through chemical treatment in
HNO3 and SOCl2 can be seen in the transmittance spectra shown in Figure 4.7. A total
removal of the S11 transition and a near complete reduction in the S22 transition can be
observed. This observation supports the position that chemical treatment with HNO3 and
SOCl2 results in the injection of holes into the band structure of SWNTs. In addition, as
more charge carriers are injected into metallic and semiconducting SWNTs through
doping, Rsh is reduced from 367 ± 10 Ω-sq-1 to 157 ± 13 Ω-sq-1. Because the parallel
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pathways are governed by Eq. 4.1, each path is made more conductive with doping, as
expected from Eq. 4.2.
Chemical treatment also results in the removal of any residual surfactant on
SWNTs used to facilitate dispersion into aqueous solution, as discussed in Chapter 3.
Residual surfactant increases RSWNT-SWNT as an additional electrical contact resistance
between nanotubes. Shown in Figure 4.8 are the infrared spectra of as-made, annealed,
and doped SWNT films. The wavenumber range is consistent with the vibrational stretch
assigned to the C-H bond of dodecyl groups in the SDS surfactant [113]. The peaks are
observed for the as-made and annealed films, but are absent from the chemically treated
film. These results are in agreement with previous reports that have shown that treatment
of SWNT films with nitric acid can remove residual surfactant [109]. As a result of
chemical treatment, effectively all of the pathways are now “highly conductive
pathways”.

Figure 4.8. Infrared spectroscopy of an as-made, annealed, and doped SWNT film.
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As evidenced in Figures 4.6 and 4.7, a significant correlation exists between Rsh
and the optical spectra of SWNT films in the near IR wavelength range. Specifically, the
strength of the absorption peaks of the S11 and S22 energy transitions give direct insight
into the amount of hole doping that has occurred in the film. However, when the
optoelectronic properties of SWNT films are presented and discussed in the literature,
typically, the sheet resistance and only the optical transmittance in the area near the
visible spectrum (i.e. 350 – 1100 nm) are given. Often parametric studies or comparisons
of multiple authors are made with regard to only the sheet resistance and transmittance at
550 nm.

However, comparisons that do not consider the level of doping between

different SWNT films are very likely to lead to spurious relationships and false
conclusions. For example, if a particular SWNT sample has been exposed to more hole
doping from exposure to air, its conductivity would be correspondingly affected.
Therefore, any comparison that does not eliminate the possibility of hole doping
contributions is purely speculative and may actually be false. Unfortunately, these types
of speculative evaluations are pervasive in the literature at present.

A qualitative

assessment of the amount of hole doping can quickly and easily be inferred from the
optical spectrum into the near infrared (e.g. [350 nm , 2500 nm]). An example is
provided in Figure 4.9. With similar transparency in the wavelength range of 350 – 1100
nm (Figure 4.9a), film A has a sheet resistance of 304 Ω-sq-1 while film B has a sheet
resistance of 809 Ω-sq-1, more than double that of film A. Both films were taken from
the same solution and should therefore have similar properties in regard to SWNT
diameter distribution, SWNT length, SWNT/surfactant concentration, and SWNT defect
density, all critical parameters in determining overall SWNT film conductivity. If only
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the optical spectra from 350 – 1100 nm is considered (Figure 4.9a), the origin of such a
large discrepancy in electrical conductivity would be left to conjecture.

However,

observation of Figure 4.9b yields significant insight into the level of doping in each film.
Film B has a considerably larger absorption intensity from the S11 energy transition
around 1800 nm, thus indicating a lower amount of p-type doping as discussed earlier in
this chapter. With this insight gained from inspection of Figure 4.9b, the difference in
electrical conductivity is no longer left to conjecture. Film A has a higher doping level
than does the similarly processed film B. Therefore, it is expected from Eq. (4.2) that the
electrical conductance of film A would be higher than film B.
As evidenced in the preceding example, when discussing the optoelectronic
properties of SWNT films, it is imperative that conclusions be made with regard to the
level of doping that has occurred in the film. Since an effective qualitative perspective
can easily be gained through inspection of the optical absorption of the S11 and S22 energy
transitions, optical transmittance spectra that is provided should extend to the near
infrared as shown in Figure 4.9b. Such a full picture of the optoelectronic properties of
specific SWNT films will facilitate a better understanding of the impact of other
parametric inputs.
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Figure 4.9. Optical transmittance of SWNT films with spectra wavelengths of
(a) 350 – 1100 nm (b) 350 – 2500 nm.

4.3.2. Ultraviolet Photoelectron Spectroscopy (UPS) of SWNT Films
In addition to the evaluation of Rsh and observation of the changes induced in
the optical transmittance spectra to assess the impact of doping on SWNT films, the
work function, Φ, can also yield insight into the electrical nature of the film surface.
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Φ is equal to the energy required to move an electron from the Fermi level, EF, to
vacuum. The effect of introducing charge carriers into individual SWNTs is to shift

EF away from its intrinsic location, EFi. This effect can be qualitatively understood
by re-examining the definition of EF as discussed in Chapter 2. EF is defined as the
energy for which the probability of occupancy by an electron, f(E), is equal to ½ for
all temperatures above absolute zero [131]. Therefore, as electrons are removed from
the valence band through hole doping, the energy at which f(E) is equal to ½ is shifted
to lower energies as illustrated in Figure 4.10 for an intrinsic and doped
semiconducting SWNT. As EF is shifted to lower energies, the work function is also
increased as shown in the figure.

(a)

(b)

Φi

Energy (a.u.)

Energy (a.u.)

Evac

EFi

DOS (a.u.)

Φ
EF
DOS (a.u.)

Figure 4.10. Density of electronic states versus energy for (a) intrinsic undoped
semiconducting SWNT (b) degenerately doped semiconducting SWNT.

Ultraviolet Photoelectron Spectroscopy (UPS) can be used to determine Φ for
a material through the measurement of kinetic energy of photoemitted electrons from
its valence region [132]. UPS equipment and expertise were provided by the Dr. Neal
Armstrong research group at the University of Arizona. The kinetic energy spectra of
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an as-made SWNT film, an as-made SWNT film after annealing, and an as-made
SWNT film after chemical doping are provided in Figure 4.11. For each film, three
locations were analyzed on the surface of the film. The spectra most representative of
the average are shown. The average low kinetic energy edge and corresponding work
function are summarized in Table 4.2.

The range of low kinetic energy edges

measured at the three locations on the film is also included in the table. A photon
energy, hν, of 21.2 eV was used to photoexcite valence electrons. In the analysis of
UPS kinetic energy spectra, Φ is determined by:

Φ = hν − ( KE high − KElow )

4.3

where KEhigh and KElow are the high kinetic energy edge and the low kinetic energy
edge, respectively. Because all samples were deposited on gold substrates for UPS
testing, KEhigh was found for the gold substrate and was equal to 32.1 eV.
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Figure 4.11. UPS kinetic energy spectra of as-made, annealed, and doped SWNT
films. Inset: Low kinetic energy edge of provided spectra.

As expected, there is a significant difference between Φ of the samples, which
is indicative of the EF change caused by “unintentional” oxidation and chemically
induced hole doping. The lower Φ of the annealed SWNT film with respect to the asmade film provides further support of the conclusion that annealing an as-made film
removes oxygen dopants, thus permitting the return of electrons to their intrinsic
location in the density of states as described in Figure 4.10a.

This evidence of

“unintentional” doping is consistent with the aforementioned optical observations,
XPS analysis, and electrical measurements of as-made and annealed SWNT films.
The higher Φ of the doped SWNT film in comparison to the as-made SWNT film is
also consistent with the conclusion made from the electrical and optical properties of
SWNT films that chemical treatment results in additional hole doping.

To this

author’s knowledge, the data presented in Table 4.2 represents the first summarized
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report of the variation of Φ with “unintentional” and chemically doping. This is also
the first known study to corroborate x-ray and ultraviolet photoelectron spectroscopy
analysis, optical transmittance observations, and electrical measurements to clearly
elucidate the effect of unintentional and chemically induced doping on SWNT films.

Table 4.2. Work function of as-made, annealed, and doped SWNT films.
Average Φ
KE low
Range (eV)
Average (eV)
(eV)
4.3
As-made
[15.13, 15.20]
15.2
Annealed
[14.73, 15.01]
14.9
4.0
Doped
[15.92, 15.93]
15.9
5.0

4.3.3. Conductive-tip AFM Study of As-made and Chemically Treated SWNT Films
Conductive-tip AFM (C-AFM) instrumentation was used to map the conductivity
of the SWNT surface and provide further insight into the impact of doping. C-AFM
mapping of electrode surfaces is a useful method to determine the electrical activity of
the surface on the nanoscopic scale. C-AFM equipment and expertise were provided by
the Dr. Neal Armstrong research group at the University of Arizona. C-AFM current
maps of an as-made and doped SWNT film are provided in Figure 4.12 and the effect of
chemical treatment is immediately obvious. The images obtained for both samples were
obtained with a tip to sample bias of 100 mV. The doped SWNT film in Figure 4.12b
had significantly more surface area that passes current through the AFM tip. More
current was indicative of a lower resistance between the AFM tip and the silver paste
deposited on the SWNT surface a distance on the order of millimeters away. Chemical
treatment not only resulted in electrical conductivity enhancement observable on the
macroscopic scale (i.e. lower Rsh as determined by the Transfer Length Method), the vast
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majority of surface was electrically activated through reduction of electrical resistance
along the nanotube and removal of surfactant on the surface of SWNTs that contributed
to RSWNT-SWNT.

(a)

(b)
-500 nA

500 nm

0 nA

500 nm

Figure 4.12. Conductive tip AFM images of (a) as-made SWNT film, (b) doped SWNT
film.

(a)

(b)

(c)
-5 nA

500 nm

500 nm

500 nm

0 nA

Figure 4.13. Conductive tip AFM images of (a) detergent cleaned ITO, (b) oxygen
plasma cleaned ITO, (c) concentrated 12M HCl-0.2M FeCl3 etched ITO. Images
courtesy the Dr. Neal Armstrong research group at University of Arizona.
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The importance of this result could be lost without examination of a C-AFM
current map of ITO as shown in Figure 4.13. The images obtained for ITO were obtained
with a tip to sample bias 5 mV in contrast to the higher bias used in the imaging of
SWNTs.

However, the behavior of the ITO was found to be similar at higher

biases. In this regard, it is important to observe the “active” versus electrically “inactive”
regions.
Detergent cleaned ITO had only a small percentage of surface area that was
electrically “active”. Even after improvement with concentrated acid treatment with 12M
HCl-0.2M FeCl3 solution, the surface still retained significant electrically inactive regions
in comparison to the doped SWNT film. The importance of this difference between the
doped SWNT film and the best case ITO can be understood within the application
context of transparent electrodes.

For example, in an organic photovoltaic device,

charges are incident on the entire surface area of the electrode for collection. If the entire
electrode is not nanoscopically conductive, charges will be forced to “redirect” to an
electrically active area. Redirection of charges may increase recombination probability
within the donor layer and thereby contribute to lower overall power conversion
efficiency. In contrast, the vast majority of the surface of the doped SWNT film is
conducive to charge collection. Therefore, while the present status of SWNT films may
not have comparable macroscopic Rsh with ITO, the better nanoscopic properties of
doped SWNT electrodes may be able to compensate for such deficiencies. Furthermore,
as progress continues in the reduction of Rsh in transparent SWNT electrodes, the
homogeneous nature of the electroactive surface of SWNTs may facilitate a better than
expected improvement in device performance over ITO based devices.
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4.4. Stability of Doped SWNT Films upon Air Exposure
It is clear that hole doping of SWNT films has a positive impact on the
optoelectronic properties with regard to transparent electrode applications. In addition to
the unintentional doping provided by oxidative oxygen species on the surface of SWNTs,
chemical treatment further reduces Rsh and electrically activates the entire surface.
However, the stability of the doping enhancements from chemical treatment is of
question, since it is known that acyl chlorides groups are very reactive and as such are
often used as an reaction intermediate in the functionalization of SWNTs [133].
Similarly, the doping effects of HNO3 have been shown to be easily reversible [113].
Futhermore, in actual device fabrication, chemical treatment of the anode would be an
initial step followed by subsequent steps that include active layer deposition, cathode
deposition, and module encapsulation. Each of these steps may involve processing at
moderate temperatures such as plasma enhanced CVD (PECVD) for device
encapsulation. In addition, actual device operation may also subject the SWNT films to
moderately elevated temperatures [134]. Hence, it is desirable to have doped SWNT
electrodes with enhanced electrical properties that are stable when exposed to air and to
moderate temperatures. However, the electrical stability of such films with time and
under thermal loading has not been evaluated in the literature.
In this section, the electrical stability of highly conductive transparent doped
SWNT electrodes is investigated and presented.

The degradation of the electrical

conductivity of films doped with (i) SOCl2, (ii) HNO3, or (iii) HNO3 followed by
SOCl2 was monitored with exposure to air and as a function of temperature from 20 to

109

80 ºC. The moderate temperature range investigated was chosen because it is typical
of temperatures SWNT films would be exposed to during subsequent processing and
device operation.
Figure 4.14 shows the evolution of the electrical properties of as-made and
doped SWNT films upon exposure to laboratory air at ambient room temperature.
While the sheet resistance of the as-made film remained stable with an initial Rsh of
249 ± 2 Ω-sq-1, all doped SWNT films showed a significant increase of the sheet
resistance as a function of time. The cause of the increased Rsh can be ascribed to the
loss of hole dopants to the environment. The film doped with SOCl2 had an initial
sheet resistance of 202 ± 1 Ω-sq-1 and experienced an increase of 18% over 400 hours
to 234 ± 1 Ω-sq-1. Films treated with HNO3 and the combination of HNO3 and SOCl2
had lower initial sheet resistances (145 ± 3 Ω-sq-1 and 141 ± 6 Ω-sq-1, respectively).
However, upon air exposure, these films experienced an increase of 50% or more over
the same 400 hour period to final values of 202 ± 1 Ω-sq-1 and 211 ± 13 Ω-sq-1 for
HNO3 and HNO3 plus SOCl2 doping respectively. While the percentage increase in
the sheet resistance was larger than that of SOCl2 treated films, the sheet resistance
was still lower after the 400 hour period. The increase in Rsh of the film treated with
HNO3 provides further support of the hypothesis that the oxidative behavior of HNO3
results in p-doping of SWNTs. This is in contrast to the report by Geng et al. [109]
that stated HNO3 did not result in p-type doping of SWNTs in the film. Of note, the
low Rsh of the as-made film in comparison to the mean Rsh presented in section 3.4.3
is due to its lower transmittance at 550 nm of 75% in contrast to the 80%
transmittance of the films discussed therein.
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The three chemically treated films

investigated for air exposure stability had a transmittance of 80% at 550 nm.

Figure 4.14. Sheet resistance variation versus time in air of four SWNT films. Lines are
shown as a guide to the eye.

In addition to measuring Rsh as a function of time in air to establish the
stability of chemically induced hole doping of SWNTs, changes in Φ can also yield
salient insight regarding the electrical nature of the surface of the film. It is expected
that as the conductivity improvement induced by hole doping via chemical treatment
is mitigated due to loss of hole dopants, EF should return to higher energies toward its
intrinsic level. Because Φ directly measures the position of EF, as shown in Figure
4.10, observation of the work function of the SWNT films evaluated in Figure 4.14
should provide further evidence of this effect.
To measure the stability of Φ, relative work functions, Φref, were measured
with a Qcept Technologies wafer inspection system (Chemtriq 500L). This system
consists of a scanning Kelvin probe and has a capability of full wafer imaging and
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local work function measurement through the utilization of a nonvibrating contact
potential difference (CPD) technique.[135] For stability testing, one SWNT film was
prepared for each type of doping treatment (i.e. HNO3, SOCl2, and HNO3 plus SOCl2)
and divided into three samples (Figure 4.15). One sample was transferred to glass
and subsequently chemically treated.

Rsh was measured versus exposure time to

environment and the results of which were discussed in the previous section and
shown in Figure 4.14. Concurrently, the remaining two samples were transferred to
silicon substrates for work function measurements.

One sample was exposed to

chemical treatment, while the other served as a reference as-made sample.

(i)
(iii)

(ii)

Figure 4.15. Illustration of SWNT film sample preparation. SWNT film on the MCE
membrane was divided into three samples (i), (ii), and (iii).

Sample (i) was

transferred to glass and subsequently chemically treated. Rsh was measured as a
function of exposure time to ambient air (Figure 4.14). Sample (ii) was transferred to
a silicon substrate and subsequently chemically treated.

Sample (iii) served as the

reference as-made sample and was transferred to a silicon substrate and not
chemically treated. Φ was measured as a function of exposure time to ambient air.
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In Figure 4.16, the change in Φref for chemically treated films is shown. Φref is
equal to the work function of the chemically treated sample relative to the reference
as-made sample. Initial Kelvin probe measurements were conducted two hours after
doping the films, unlike the immediate UPS measurements made in section 4.3.2.
Therefore, it is likely that the work function increase, anticipated in light of previous
UPS measurements, was effectively mitigated on the surface of the films after
exposure to moisture in air at typical conditions of 30 – 40% relative humidity. After
eight hours, the work function of the SOCl2 treated film stabilized at a value
approximately 100 meV less than as-made film. While a work function magnitude of
the chemically treated film smaller than the reference film was unexpected, it could
be attributed to chemically induced defects on the SWNTs which increased the
density of states at the Fermi energy. The increased density of states at the surface
could in turn reduce the work function [136]. It is also possible that some of the
“unintentional” oxygen doping on the as-made film was removed during chemical
processing.

Therefore, as the chemically induced dopants were removed, the

chemically treated film surface returned to a state of fewer “unintentional” oxygen
dopants on the surface in comparison to the as-made film. As a result, Φ of the airexposed, chemically doped film was not as large as Φ of the oxidated as-made film.
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Figure 4.16. Work function difference between chemically treated and as-made SWNT
samples as a function of air exposure for various doping process. Lines are shown as a
guide to the eye.

After approximately seven days (168 hours) the work function of the HNO3
treated film was comparable to the work function of SOCl2 treated films. In all cases,
the rate at which the work function of the chemically treated films decreased to a
level below the as-made films was much higher than the rate of degradation in Rsh, as
seen in Figure 4.14.

Since the Kelvin probe work function measurement only

considers the electronic nature on the surface of the film, it is therefore possible that
only the functional groups on or very near the surface of the chemically treated films
reacted quickly with air, while electron withdrawing molecules continued to interact
with SWNTs in the bulk below the surface. This would be consistent with the higher
conductivity over time of the chemically treated films compared with as-made ones.
It is interesting to point out that the work function of the film chemically
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treated with the combination of HNO3 and SOCl2 behaved in a similar manner to that
of SOCl2 treated film. Thus, it appears that the surface of this film was comparable to
SOCl2 treated film while the bulk remains dominated by the initial HNO3 treatment as
suggested by its electrical stability after air exposure which was similar to that of
HNO3 treated films (Figure 4.14). These observations could be ascribed to a normal
intercalation of HNO3 molecules and/or NOx ions within the SWNT film during the
initial HNO3 treatment. However, immersion into SOCl2 caused desorption of ionic
species remaining on the surface, while introducing reactive acyl chloride groups.
Since the measured work function was that of only the surface of the film, as was
seen in the case of the film only treated with SOCl2, it is likely that a rapid
decomposition of acyl chlorides on the surface due to exposure to moisture in air
occurred.

4.5. Impact of PEDOT:PSS Capping Layer on Doping Stability
In recent work [103, 137, 138], OLEDs and OPVs with SWNT films as the
transparent electrode utilized PEDOT:PSS as a planarization layer on SWNT films to
reduce surface roughness. The additional PEDOT:PSS layer was found to have no
adverse effects on the conductivity of the resulting films [103]. This conducting
polymer is also utilized on transparent conducting oxides in organic electronics to
facilitate hole collection and injection. However, the PEDOT:PSS layer may also
play an additional critical role in acting as a capping layer to stabilize the sheet
resistance of the SWNT films.

In this role, the PEDOT:PSS layer would act to

prevent the reaction of acyl chloride groups of the nanotubes with air and prevent the
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desorbtion of HNO3 from the films.
The effect of PEDOT:PSS on the electrical stability with time after doping
SWNT films is presented in Figure 4.17. A thin layer of PEDOT:PSS (Baytron P AI
4083) was spin coated at 5000 rpm for one minute on top of sample films followed by
baking at 140°C for 10 minutes in air. Utilizing a stylus profilometer, the measured
thickness of the PEDOT:PSS layer was approximately 30 – 40 nm. Given the low
conductivity of PEDOT:PSS, approximately 0.001 S cm-1, the sheet resistance of the
layer alone would be approximately 250 – 330 MΩ-sq-1. In comparison with the low
sheet resistance of SWNT films presented in chapters 3 and 4, the sheet resistance
values and corresponding variations obtained during testing can be assigned to the
SWNT films beneath. In each case, the air stability of a coated and uncoated SWNT
film is compared. For the films treated with SOCl2, the uncoated film showed a sheet
resistance increase of 15% after 240 hours while the PEDOT:PSS coated film showed
an increase of less than 5%. For the HNO3 treated film without the PEDOT:PSS
layer, a 30% increase in sheet resistance occurred after 240 hours. Similarly, the use
of the organic capping layer again resulted in an increase of only 5% after 240 hours.
Finally, films which used a combined doping of HNO3 and SOCl2 without the
PEDOT:PSS layer showed an increase of 30% after 240 hours and virtually no change
in sheet resistance occurred with the addition of the PEDOT:PSS capping layer after
10 days. Additionally, extended testing carried out in air and at room temperature,
show that the sheet resistance of the same sample capped with PEDOT:PSS was
stable up to 1,500 hours while the samples which were not capped showed an increase
in sheet resistance of 120%. It is clear that the addition of a organic capping layer
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dramatically increases the stability in electrical properties of chemically treated films
over time.

Figure 4.17. Sheet resistance increase of SWNT films versus time in air for: (a) SOCl2
treated films with and without a PEDOT:PSS layer. (b) HNO3 treated films with and
without a PEDOT:PSS layer. (c) HNO3 and SOCl2 treated films with and without a
PEDOT:PSS layer. Lines are shown as a guide to the eye.
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Because exposure to elevated temperatures may be experienced during the
operation of OLEDs and OPVs or during device fabrication steps, the thermal
stability of chemically treated SWNT films are also addressed in this chapter.
Elevated temperatures may enhance the loss of dopants out of the films. The results
of the thermal stability experiments are shown in Figure 4.18. Changes in the sheet
resistance for temperatures ranging from 20-80°C were measured for as-made and
chemically treated SWNT films. In these experiments, the samples were heated to the
setpoint temperature and the sheet resistance was measured at the setpoint. For each
figure, data for films coated with a capping layer of PEDOT:PSS are presented with
uncoated films. No significant differences in the temperature dependence of the sheet
resistance were observed with the addition of a PEDOT:PSS capping layer. As shown
in Figure 4.18a, the sheet resistance of as-made SWNT films and as-made SWNT
films coated with PEDOT:PSS did decrease slightly with increasing temperature
which is consistent with claims of previous reports. Some reports have shown that
one dimensional metallic nanotubes have such a temperature dependence of their
conductivity as described by a Luttinger Liquid which is different from bulk metallic
systems [139-141]. In this manner, the electrical conductance, G, follows a powerlaw behavior as a function of temperature T, G ∝ T α , where α provides insight into
the strength of the innertube electron interaction. Others have attributed the decrease
in Rsh with increasing temperature to fluctuation-induced tunneling through barriers
between contacting nanotubes.[30, 128, 142] It is likely that both the effects of 1-D
Luttinger Liquid characteristic of SWNTs and fluctuation-induced tunneling
contribute to the observed behavior in Figure 4.18a.
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Figure 4.18. Sheet resistance increase of SWNT films versus temperature for: (a) asmade films with and without a PEDOT:PSS layer. (b) SOCl2 treated films with and
without a PEDOT:PSS layer. (c) HNO3 treated films with and without a PEDOT:PSS
layer. (d) HNO3 and SOCl2 treated films with and without a PEDOT:PSS layer. Lines
are shown as a guide to the eye.
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The electrical resistance of SWNT films treated with SOCl2 also decreased by up
to 10% with increasing temperatures between 20 – 80°C as shown in Figure 4.18b. The
cause of the decrease is similar to that described for the as-made film. In contrast, the
films treated with HNO3 both demonstrated an increase in resistance with increasing
temperature.

Whereas earlier reports have shown intercalated HNO3 and NOx ions

readily desorb under thermal annealing at temperatures greater than 350°C [113, 143], we
see this effect at temperatures less than 80°C. The HNO3 treated film with a layer of
PEDOT:PSS has an initial sharp increase in resistance with increasing temperature in
comparison to the HNO3 film with no layer of PEDOT:PSS. This could be explained by
the interaction of the HNO3 molecules on the surface of the SWNT film with the
PEDOT:PSS layer. As was seen in the Kelvin probe study, the HNO3 treated film
retained significant surface interactions that were observed through measurements of
higher values of the work function.
The case of films treated with a combination of HNO3 plus SOCl2 is shown in
Figure 4.18d. The data show essentially no change in sheet resistance upon heating up to
80ºC when the film is capped with a layer of PEDOT:PSS. This is in contrast to
uncapped chemically treated films whose resistance increases by more than 13% at
elevated temperatures. Similar to the investigation of Rsh versus exposure time in air, the
film chemically treated with HNO3 plus SOCl2 behaved in a manner consistent with the
film chemically treated only with HNO3 and unlike the film treated with only SOCl2.
Upon returning to room temperature, all uncapped chemically treated films
exhibited a residual permanent increase in sheet resistance of 7%, 4%, and 6% for the
HNO3 treated, SOCl2 treated and HNO3 plus SOCl2 treated films, respectively. However,
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the HNO3 plus SOCl2 treated film capped with PEDOT:PSS showed no appreciable
permanent change in resistance upon returning to room temperature with resistance
values being within 1% of the original value. Thus, the capping layer shows the ability to
stabilize both the temperature dependence of the sheet resistance and the stability after
exposure to elevated temperatures.

4.6. Conclusion
The goal of this chapter was to communicate a lucid understanding of
conduction in SWNT films and the methods by which improvements are achieved.
To this end, a qualitative understanding of electrical conduction in SWNT film was
first presented to serve as a basis for further discussion. Next, multiple modes of
experimental characterization were corroborated with theoretical SWNT electronic
structure to describe the impact of moderate and heavy charge carrier doping on the
optical and electronic properties of SWNT films. A moderate level of p-type doping
was shown to occur in as-made SWNT films due to air exposure, as evidenced by
comparison to annealed samples. Chemical treatment was shown to result in a heavy
level of p-type doping, as well as the removal of residual surfactant on SWNTs.
Photoelectron spectroscopy was used to determine and present the first summarized
report of the variation of the work function of as-made, annealed, and chemically
doped SWNT films. Furthermore, conducting-tip AFM was utilized to reveal the
highly electro-active nature of the SWNT film surface after chemical treatment,
particularly with respect to the surface of ITO.
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Of importance was the observation that as-made SWNT films contain a nonnegligible amount of doping, as can be inferred from optical transmittance in the near
infrared (ca. 1100 – 1800 nm). As such, investigations of the optoelectronic properties of
SWNTs that do not control for unintentional hole doping contributions cannot be
considered purely conclusive and may actually be false. It is imperative that conclusions
be made with regard to the level of doping that has occurred in the film. Since an
effective qualitative perspective can be gained through inspection of the optical
absorption of the S11 and S22 energy transitions, optical transmittance spectra that are
provided should extend to the near infrared (e.g. 2500 nm). Such a full picture of the
optoelectronic properties of specific SWNT films will facilitate a better understanding of
the impact of other parametric inputs and aid the overall development of SWNT networks
as a transparent electrode.
While doping via chemical treatment was shown to yield enhanced film
conductivity through p-type doping, these films exhibited limited stability in air over time
and limited thermal stability at moderate temperatures.

However, a thin layer of

PEDOT:PSS was shown to effectively limit the degradation of films and even stabilize
the improved sheet resistance of chemically treated films. These results help to address
critical questions concerning the stability of chemically treated SWNT electrodes
intended as a surrogate for ITO electrodes in organic electronic devices.
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CHAPTER 5: EVALUATION OF CARBON NANOTUBE
NETWORKS OF HOMOGENEOUS ELECTRONIC TYPE

5.1. Introduction
As has been demonstrated in this dissertation, thin films of SWNT networks
exhibit optical, electrical, and mechanical properties that show promise to become a
viable alternative to transparent conducting oxides (TCO) as an electrode in electronic
devices. The SWNT networks presented in chapters 2 – 4 consisted of a heterogeneous
mixture of nanotubes with metallic and semiconducting behavior. The ratio of metallic to
semiconducting SWNTs in these types of polydisperse networks is typically 1:2. In order
to fully realize the potential of SWNT networks as a transparent electrode in organic
electronic devices, it may be necessary to utilize monodisperse networks that leverage the
electronic homogeneity of the film to achieve optimal device performance. Progress in
the efficient separation of SWNTs by electronic type now allows for such an approach to
be taken [144, 145].
While SWNTs can be classified as either metallic or semiconducting in behavior
based on the chirality of the tube [146], because SWNTs are 1-D in structure, the
traditional metal/semiconductor classifications are no longer strictly valid. In particular,
metallic SWNTs have a relatively small density of states (DOS) at the Fermi energy
when compared to traditional bulk metals [147]. On the other hand, semiconducting
SWNTs can have a larger density of electronic states within the valence band, in
comparison to metallic SWNTs at a similar energy level, as illustrated in Figure 5.1. A
full understanding of the optoelectronic impact on nanotube electrodes that such a
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departure from a traditional classification of metals and semiconductors has yet to be
achieved.

(b)

E2

DOS semiconduc ting < DOS metallic

DOS semiconducting > DOS metallic

E1
E2
DOS (a.u.)

DOS (a.u.)
Figure 5.1.

Energy (a.u.)

E1

Energy (a.u)

(a)

Illustration of the electronic density of states in (a) semiconducting

SWNTs and (b) metallic SWNTs.

In a manner similar to that shown in chapter 4, heterogeneous films of metallic
and semiconducting SWNTs can be effectively p-doped via chemical treatment with
HNO3 and SOCl2 for improved conductivity [24, 97]. However, the impact of doping
differs largely between metallic and semiconducting SWNT films as can be deduced
from Figure 5.1 and as recently reported by Blackburn et al. [128]. In their study, films
of monodisperse doped metallic SWNTs were higher in electrical resistance than
similarly processed homogeneous networks of degenerately doped semiconducting
SWNTs.

This result is contrary to a conventional understanding of metals and

semiconductors and in contrast to the goal of some research groups to obtain all metallic
SWNTs for optimal transparent electrode optoelectronic properties [120]. Therefore, the
goal of this chapter is to resolve this point of contest by applying the intrinsic electronic
properties of the individual SWNTs that comprise the nanotube network to develop a
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clear description of the optoelectronic behavior of SWNT films of metallic or
semiconducting electronic type.

Corroborative optical transmittance spectra, SWNT

electronic band structure theory and photoelectronic characterization will be provided to
support the conclusions presented.

5.2. Optoelectronic Characterization of Homogeneous Metallic and Semiconductor
SWNT Films
SWNT solutions with greater than 95% homogeneity by electronic type and
diameter range of 1.2 ~ 1.6 nm were purchased from Nanointegris and used to prepare
transparent SWNT films on glass substrates as described in chapter 3. The SWNT
film electrical sheet resistance, Rsh, was determined via the Transfer Length Method
(TLM) described in chpater 3. Chemical treatment of the SWNT films was performed
by immersing the films into solution for 45 minutes. The films were first immersed
into HNO3, removed and carefully air blown dry, subsequently heated on a hot plate
at 90°C for a short time (e.g. 2 minutes) to remove any residual solution on the
substrate, and then immersed into SOCl2. After removing the film from the SOCl2
bath, the film was blown dry with air and heated on the hot plate. The final heating
step was proven effective to eliminate optical transmission losses in the visible range
by preventing the soft haze that forms on the substrate from SOCl2 exposure. SWNT
films exposed to chemical treatment are referenced as “doped” in this report. SWNT
films not exposed to chemical treatment are referenced as “as-made”. Optical spectra
for each SWNT film were measured using a Cary 5E UV-Vis-NIR dual-beam
spectrophotometer. As expected, Rsh of the as-made metallic SWNT film is less than
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the Rsh of the as-made semiconductor film, with values of 135 ± 4 Ω-sq-1 and 465 ± 6
Ω-sq-1 respectively.

Figure 5.2. (a) Optical transmittance versus wavelength for as-made metallic and
semiconducting SWNT films.

Energy transitions at S11, S22, and M11 van Hove

singularities are labeled. (b) Photograph of metallic and semiconducting SWNT films on
glass substrates. Georgia Tech logo is behind the film to illustrate transmittance.

Shown in Figure 5.2 are the optical transmittance spectra for as-made metallic and
semiconducting SWNT films.

Absorption peaks characteristic of metallic or

semiconducting electronic type SWNTs can be clearly seen in the respective film. The
origin of these absorption peaks was discussed in Chapter 4 but will be summarized
again. Unlike the general illustration shown in Figure 5.1, the electronic density of states
versus energy from the intrinsic Fermi level, EFi, are specifically calculated for SWNTs
with (n,m) chiralities of (11,10) and (10,10) [48] and plotted in Figure 5.3. These
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selected SWNTs have a diameter of approximately 1.4 nm and are representative of the
diameter range of semiconducting and metallic SWNTs present in the SWNT networks
used in this study. The (11,10) SWNT exhibits semiconducting behavior while the
(10,10) SWNT is metallic.

As discussed in chapter 2 (Eq. (2.10)) the electronic

properties of SWNTs are proportional to the inverse of SWNT diameter and SWNTs of
the similar diameter and electronic type exhibit similar electronic properties. Therefore,
selection of these SWNTs provides an adequate depiction of the electronic structure of
the SWNTs that comprise the film studied in this chapter. Only the band structure below

EFi is shown in the figure for clarity. The optical absorption peaks observable in Figure
5.2a are present due to electronic transitions between mirror image van Hove singularities
above and below EFi [49]. Interband energy transitions in semiconducting SWNTs are
referenced as S11 and S22 for the first and second van Hove singularities respectively, and
are labeled as such in the figure, while the intraband transition in metallic SWNTs is
labeled as M11.

Also, shown in Figure 5.2a are the approximate spectral ranges for

colors in the visible spectrum. As observed in the figure, the semiconducting SWNT film
is more transmissive in the red color range, while the metallic film transmits more bluegreen colors in the visible. This effect is also clearly seen in the photographs of a
semiconducting and metallic SWNT film on a white background in Figure 5.2.b. Since
the white background reflects light back through the film, the semiconducting SWNTs
are visible as a red film, while the metallic SWNTs are visible as a blue-green film. The
Georgia Tech logo is behind the film on the white background to illustrate transmittance.
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(a)

(b)

Figure 5.3. (a) (11,10) Semiconducting SWNT 1-D density of states with moderate
doping. (b) (10,10) Metallic SWNT 1-D density of states with moderate doping. EFi is
set to zero.

Of particular note is the diminished absorption attributed to the S11 energy
transition in contrast to the absorption expected from observation of semiconducting
SWNT density of electronic states. The cause of which can be seen in Figures 5.3a and
b, where the probabilities that a particular state is filled with a hole is plotted on the same
plot as the electronic band structure.

The room temperature hole occupation

probabilities, Pr(p), are indicated with a color gradient and are determined by:
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Pr( p ) = 1 − f ( E )

(5.1)

where the Fermi function, f(E), describes the probability that a state at a given energy (E)
is filled with an electron. Figures 5.3a and b illustrate that a moderate doping level
results in a Fermi energy shift of approximately 0.4 eV away from EFi. A Fermi energy
shift of this magnitude is estimated for the as-made semiconducting film in Figure 5.3a,
to account for the level of initial S11 absorption bleaching.

It has been shown that

oxygen readily adsorbs on the surface of SWNTs resulting in oxidation of nanotubes and
consequently an increase in the hole concentration within the valence band of
semiconducting SWNTs [148] [130]. The reduced optical absorption of the S11 energy
transition is similar to that seen in chapter 4 for polydisperse films and is in agreement
with other reports on the S11 sensitivity to adsorbed oxygen [128].

Furthermore, a

moderate level of oxygen doping also accounts for the appreciable conductivity of the
semiconducting SWNT film. It is expected that an intrinsic semiconducting SWNT film
would be substantially more resistive (i.e. not conductive) as other reports have shown
[149]. In contrast, oxygen doping due to air exposure was not sufficient to induce salient
changes in the absorption intensity of the M11 intraband transition in the metallic SWNT
film as suggested in Figure 5.3b.
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Figure 5.4.

Optical transmittance versus wavelength for doped metallic and

semiconducting SWNT films.

The optical transmittance spectra for doped metallic and semiconducting
SWNT films are shown in Figure 5.4. The near complete bleaching of the S11 and S22
absorption peaks is indicative of hole doping that was sufficient to shift the Fermi
energy beyond the second van Hove singularity in the valence band of
semiconducting SWNTs.

As illustrated in Figure 5.5a, a Fermi energy shift of

approximately 0.8 eV from the intrinsic Fermi level would result in the occupation of
holes in both van Hove singularities such that few electrons are present to transition
to the mirror van Hove singularity in the conduction band. A similar absorption peak
reduction at the M11 energy transition is not observed in Figure 5.4 because of the
energy differences of the van Hove singularities in metallic and semiconducting
SWNTs as shown in the energy band diagrams in Figure 5.5. The first van Hove

130

singularity in metallic SWNTs is located approximately 0.9 eV from the intrinsic
Fermi energy level, compared to 0.3 eV and 0.6 eV for the first and second van Hove
singularities in semiconducting SWNTs, respectively. The level of doping was not
sufficient to shift the Fermi energy in excess of 0.9 eV from EFi., such that a
significant occupation of holes in the van Hove singularity was achieved, as is
illustrated in the figure.

(a)

(b)

Figure 5.5. (a) (11,10) Semiconducting SWNT 1-D density of states with heavy
doping (b) (10,10) Metallic SWNT 1-D density of states with heavy doping.

Chemical treatment of the semiconducting and metallic SWNT films was done
to ascertain the impact of doping on films of different electronic type. As seen in
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Figure 5.4, the doped metallic SWNT film was less conductive than the similarly
doped semiconducting SWNT film with Rsh values of 76 ± 4 Ω-sq-1 and 60 ± 2 Ω-sq-1,
respectively. A similar trend was reported by Blackburn et al. [128]. This result can
be understood by investigating the properties of individual semiconducting and
metallic SWNTs. As shown in Figure 5.1, metallic SWNTs have a smaller number of
electronic states at the Fermi energy, in comparison to bulk metals. This feature of
metallic SWNTs allows them to be doped in such a manner as to shift the Fermi
energy away from its intrinsic location.

Therefore, the electronic behavior of a

metallic SWNT more closely resembles the conceptual behavior of a bulk
semiconductor with a nonzero density of states in the “pseudo band gap”. As also
illustrated in Figure 5.1 and 5.3, there is a larger density of electronic states near EF
within the valence band of semiconducting SWNTs in comparison to metallic SWNTs
at a similar energy level. The impact of the different electronic band structures of
metallic and semiconducting SWNTs on electrical conduction may explain the
superior optoelectronic properties of doped semiconducting SWNTs and will be
discussed in the section to follow.

5.3. Electrical Conduction in Monodisperse SWNT Films
As discussed in Chapter 4, electrical conduction in SWNT films can be
modeled as a parallel network with the resistance along a particular conduction path,

Rpath, in the film described as:

R path = RSWNT − SWNT + RSWNT

(5.2)
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where RSWNT and RSWNT-SWNT are the intratube and intertube SWNT resistances,
respectively.

Many reports have stated that conductance in SWNT films is

overwhelmingly a function of RSWNT-SWNT, due to the large intertube resistance, which
was shown to be orders of magnitude higher than intratube resistance [105, 150].
However, in the case of primarily homogeneous SWNT films, there are several
factors that suggest this is no longer the case. First, these reports are based on nearballistic charge transport along carbon nanotubes, with an approximate mean free
path, λ, on the order of 1 μm. While these reports present best case resistances,
significant variability in the intratube resistance has been shown [151]. Furthermore,
in SWNT networks, the mean free path of a charge carrier is significantly reduced,
due to the existence of defects on the surface. The density of defects are considerably
increased through processes such as acid-based purification [72] and ultrasonication
[75] that are employed to achieve highly disperse, homogeneous solutions of purified
nanotubes. While λ is not known for these films, it is reasonable to expect it to be
substantially lower than values used in previous studies that compared RSWNT to RSWNTSWNT.

Also, as shown by Fuhrer et al. [152], the RSWNT-SWNT for nanotubes of similar

electronic type is two orders of magnitude lower than the RSWNT-SWNT between metallic
and semiconducting SWNTs. Therefore, in contrast to past comparisons of RSWNT to

RSWNT-SWNT, SWNT films of homogeneous electronic behavior may have comparable
values for RSWNT and RSWNT-SWNT that merit investigation into the impact that both have
on the overall conductivity of the film.
As also discussed in Chapter 4, hole doping of SWNT films can reduce Rpath,
since both RSWNT and RSWNT-SWNT can be decreased by the injection of additional p-type
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charge carriers. The total density of holes is found by integrating the density of holes
per unit energy, p(E), over all energies below EFi. p(E) is defined as the product of
the density of states below EFi and the probability that a particular state is not filled
such that:

p( E ) = g v ( E )[1 − f ( E )]

(5.3)

where gv(E) and f(E) are the density of states below EFi and the Fermi function
respectively. It follows that the total density of holes, p, is found by:

E Fi

p = ∫ p ( E ) dE = ∫ g v (E )[1 − f ( E )]dE

(5.4)

−∞

Examination of Figure 5.5 with respect to Eq. (5.4) suggests that the doping process
injected more holes into semiconducting nanotubes than in metallic nanotubes, given
the estimated Fermi level position in the energy band structure and the corresponding
hole occupation probability.

5.4. Impact of Chemical Doping
To confirm the level of hole doping that occurs in as-made and doped SWNTs,
complimentary ultraviolet photoelectron spectroscopy (UPS), electrical sheet
resistance, and UV-Vis-NIR spectroscopy measurements were made on representative
monodisperse SWNT films (Figures 5.6 and 5.7). The UV-Vis-NIR spectra of an asmade and doped semiconducting SWNT film are shown in Figure 5.6. As expected,
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the sheet resistance is reduced from 408 ± 28 Ω-sq-1 to 136 ± 11 Ω-sq-1 after chemical
treatment and the S11 and S22 optical transitions are bleached. In the UPS spectra in
Figure 5.6b, a shift of the low kinetic energy edge can be seen after doping the
semiconducting SWNT film, which is indicative of an increase in the surface work
function [132] as described in chapter 4. For each film, three locations were analyzed
on the surface of the film. The spectra most representative of the average are shown.
The average low kinetic energy edge and corresponding work function are
summarized in Table 5.1. The range of low kinetic energy edges measured at the
three locations on the film is also included in the table.

A total work function

increase of 0.4 eV is observed in doped semiconducting SWNTs, which is similar to
the expected Fermi level shift from observations of the bleaching of the S11 and S22
transitions from the transmission spectra in Figure 5.2 and the electronic DOS in
Figure 5.3. These results are consistent with other reports that show a shift of the
Fermi level of SWNTs after doping [97, 108] and similar to the results of chapter 4
for heterogeneous SWNT networks comprised of ca. 66% semiconducting SWNTs. It
must be noted that the lower sheet resistance of the doped semiconducting SWNT
film in Figure 5.4 in comparison to the film in Figure 5.6 is because the film in Figure
5.4 has a higher concentration of nanotubes, as indicated by its lower transmittance in
the visible spectrum.

Table 5.1. Work function of as-made and doped semiconducting SWNT films.

As-made
Doped

KE low
Range (eV)
Average (eV)
[15.49, 15.53]
15.5
[15.84, 15.88]
15.9
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Work function, Φ
Average (eV)
4.6
5.0

Figure 5.6. (a) Optical transmittance spectra of as-made and doped semiconducting
SWNT films. (b) Representative UPS spectra of as-made and doped semiconducting
SWNT films. Inset: Low kinetic energy edge of provided spectra.

Shown in Figure 5.7 are the UV-Vis-NIR spectra of an as-made and a doped
metallic SWNT film.

The optical behavior of the small percentage (≤ 5%) of

semiconducting SWNTs remaining in the metallic film suggests that the initial Fermi
level position was in a similar location as the as-made semiconducting SWNT film.
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The work function of an as-made metallic SWNT film derived from UPS spectra in
Figure 5.7b provides further verification of this observation. The average low kinetic
energy edge and corresponding work function are summarized in Table 5.2. The
range of low kinetic energy edges measured at three locations on the film is also
included in the table.

After doping via chemical treatment, the work function

increased by 0.4 eV, an amount similar to that seen for the semiconducting SWNT
film. Likewise, decrease in the electrical sheet resistance from 212 ± 1 Ω sq-1 to 124
± 10 Ω sq-1 occurred after chemical treatment. However, the change in Rsh for the
metallic SWNT film was considerably smaller than the change in resistance seen for
the semiconducting film after doping. As illustrated in Figure 5.3, a Fermi level shift
that does not exceed the energy of the first metallic van Hove singularity results in
substantially fewer holes, p, being injected into metallic SWNTs in comparison to the
total number of holes gained by semiconducting SWNTs.

These results provide

experimental support of the estimated shifts in the Fermi level energy of the SWNT
films due to doping, shown in Figures 5.3 and 5.5. Therefore, the observed smaller
sensitivity of Rsh of the metallic SWNT film in comparison to the sensitivity of Rsh of
the semiconducting SWNT film is consistent with the previous discussion of the
impact of increased charge carriers on the magnitude of Rpath. Also, other studies
have shown similar trends [128, 149].

Table 5.2. Work function of as-made and doped metallic SWNT films.

As-made
Doped

KE low
Range (eV)
Average (eV)
[15.41, 15.32]
15.4
[15.86, 15.90]
15.9

137

Work function, Φ
Average (eV)
4.5
5.0

Figure 5.7. (a) Optical transmittance spectra of as-made and doped metallic SWNT
films. (b) UPS spectra of as-made and doped semiconducting SWNT films.

5.5. Impact of Annealing SWNT Films
In order to determine the optoelectronic impact of oxygen adsorbed on the
surface of the SWNTs in prepared films, as-made SWNT films were annealed and
investigated. As discussed for the heterogeneous SWNT networks studied in Chapter
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4, adsorbed oxygen can significantly affect the optical and electronic properties of
SWNTs. Shown in Figure 5.8 are the optical transmittance and UPS spectra of a
semiconducting SWNT film as-made and after annealing.

Figure 5.8.

(a) Optical transmittance spectra of as-made and annealed

semiconducting SWNT films.

(b) UPS spectra of as-made and annealed

semiconducting SWNT films.
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After annealing, the following occurred: a) an increase in the S11 absorption
peak in the film transmittance spectrum (Figure 5.8a), b) a shift in the surface work
function to a lower energy (Figure 5.8b), and c) an increase in the sheet resistance of
the film from 408 ± 28 Ω-sq-1 to 7496 ± 155 Ω-sq-1.

The increase in the S11

absorption peak is due to the removal of adsorbed oxygen species present on the
SWNT surface prior to annealing. As described in chapter 4, electrons replaced hole
dopants in the valence band up to the first van Hove singularity and as a consequence,
photon energies equal to the S11 electronic interband transition were absorbed as
evidenced in the spectra in Figure 5.8a.

Further support of a reduction in the

percentage of oxygen present on the as-made SWNT film after annealing is provided
by the XPS measurements in Figure 5.9. In the figure, the binding energy peaks from
the 1s core electrons from carbon and oxygen are identified at 285 eV and 532 eV,
respectively.

The atomic ratio of carbon and oxygen were determined for both

samples and summarized in Table 5.3.

The remaining amount of oxygen in the

annealed sample can likely be attributed to carboxylic acids bonded to the SWNTs to
aid in dispersion in solution and other non-oxidative oxygen species. Also, the work
function decrease of approximately 0.5 eV (Table 5.4) is consistent with a shift of EF
to higher energies due to the loss of hole dopants. Finally, because oxidation from
chemi-adsorbed oxygen resulted in the degenerate doping of semiconducting SWNTs,

Rsh is increased by more than an order of magnitude after annealing, as EF is shifted
from within the valence band to the energy band gap. A similar trend of increased
electrical resistance with EF shifts was reported by Wu et al. [77]. However, unlike
the tests performed in this dissertation that utilized chemical charge transfer doping,
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Wu et al. used electric fields to modulate the Fermi level position via a field effect
transistor. Also, these results are similar to the trend observed for the heterogeneous
mixture of SWNTs studied in Chapter 4, where Rsh increased from 367 ± 10 Ω-sq-1 to
2611 ± 204 Ω-sq-1. The larger increase of Rsh in this semiconducting film is due to
the absence of a significant number of metallic SWNTs remaining in the film to form
high conducting pathways. Unlike the mixed SWNT film with approximately 33%
metallic SWNTs by composition, the percentage of metallic SWNTs in the
semiconducting SWNT film was less than 5%.

Figure 5.9. XPS spectra for (a) as-made semiconducting SWNT film and (b)
annealed semiconducting SWNT film.
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Table 5.3. Summary of the atomic ratio of oxygen to carbon ratio in the
semiconducting SWNT films, as determined from XPS spectra.
O:C
As-made film
Annealed film
Percent change

Range
[0.311 , 0.357]
[0.184 , 0.193]

Average
0.333
0.189
-43%

Table 5.4. Work function of as-made and annealed semiconducting SWNT films.

As-made
Annealed

KE low
Range (eV)
Average (eV)
[15.49, 15.53]
15.5
[14.90, 15.00]
15.0

Work function, Φ
Average (eV)
4.6
4.1

The optical spectra of an as-made and annealed metallic SWNT film are shown in
Figure 5.10a. After annealing, no salient changes occurred in the metallic M11 absorption
peak. However, the non-negligible amount of semiconducting SWNTs (< 5%) revealed
that desorption of oxygen species did occur during annealing, due to increased absorption
located at wavelengths equivalent to the S11 and S22 energy transitions. The XPS spectra
shown in Figure 5.11 and the summary of oxygen to carbon ratios in the as-made and
annealed films (Table 5.5) provide further evidence of oxygen reduction on the surface of
the film. Also, the UPS spectra (Figure 5.10b) and subsequent analysis (Table 5.6) show
that a similar work function decrease to 4.1 eV occurred after annealing as was seen for
the semiconducting SWNT film discussed earlier.

However, unlike semiconducting

SWNTs that contain an energy band gap with no electronic states above the first van
Hove singularity, metallic SWNTs have a non-zero density of states throughout the band
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structure and therefore remain conductive even after annealing. As such, the metallic
SWNT film exhibited a much smaller increase in sheet resistance after annealing than the
semiconducting SWNT film, even though a similar change in work function occurred,
along with a similar reduction in adsorbed oxygen. The sheet resistance of the metallic
SWNT film increased from 212 ± 1 Ω-sq-1 to 306 ± 7 Ω-sq-1.

Figure 5.10. (a) Optical transmittance spectra of as-made and annealed metallic
SWNT films. (b) UPS spectra of as-made and annealed metallic SWNT films.
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It must be noted that the surface work function determined by UPS
measurements include the Fermi level position of the sample as well as any surface
dipoles created on the surface. Therefore, the Fermi level shift cannot be determined
exactly by UPS measurements. However, the trends and direction of the Fermi level
shift ascertained from UPS analysis corroborate UV-Vis-NIR spectra, XPS
measurements, and electrical observations.

Figure 5.11. XPS spectra for (a) as-made metallic SWNT film and (b) annealed
metallic SWNT film.
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Table 5.5. Summary of the atomic ratio of oxygen to carbon ratio in the metallic
SWNT films as determined from XPS spectra.
O:C
As-made film
Annealed film
Percent change

Range
[0.262 , 0.376]
[0.205 , 0.208]

Average
0.316
0.207
-35%

Table 5.6. Work function of as-made and annealed metallic SWNT films.

As-made
Annealed

KE low
Range (eV)
Average (eV)
[15.41, 15.32]
15.4
[15.04, 14.98]
15.0

Work function, Φ
Average (eV)
4.5
4.1

5.6. Air Stability of Monodisperse SWNT Films
5.6.1. Air Stability of Semiconducting SWNT Films
A further measure of the relative optoelectronic differences of metallic and
semiconducting SWNTs is shown in Figures 5.12 and 5.13. The evolution of Rsh is
shown as a function of exposure time to ambient conditions. To complement electrical
stability observations, transmittance measurements were taken at exposure times of 3,
116, and 266 hours for each film.
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Figure 5.12. (a) Electrical sheet resistance versus time in air for semiconducting SWNT
films.

Lines are shown as a guide to the eye.

(b) Optical transmittance versus

wavelength for as-made semiconducting SWNT film taken at air exposure times of 3,
116, and 226 hours. (c) Optical transmittance versus wavelength for doped monodisperse
semiconducting SWNT films taken at air exposure times of 3, 116, and 226 hours.
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In the case of the as-made semiconducting SWNT film in Figure 5.12a, exposure to
ambient air resulted in increased oxygen adsorption which in turn increased the hole
carrier concentration, such that Rsh decreased with time. Increased hole doping was
further evidenced in Figure 5.12b as the absorption peak from the S11 energy transition
reduced as exposure time increased. Upon doping via chemical treatment, Rsh for the
semiconducting SWNT film was significantly reduced as observed in Figure 5.12c.
Concurrently, the S11 transition was completely bleached, while the S22 transition was
significantly reduced due to hole doping from the chemical treatment. However, as has
been shown in chapter 4, the doping effects of HNO3 and SOCl2 are reversible upon air
exposure, which can be seen in the increased value of Rsh with time. An increase in the
absorption intensity of the S22 energy transition is seen in Figure 5.12c as the Fermi level
shifted upward towards the intrinsic Fermi level due to loss of chemical dopants.
Nevertheless, it must be noted that the S11 transition remained bleached, indicating the
location of the Fermi level was between S11 and S22 van Hove singularity.

5.6.2. Air Stability of Metallic SWNT Films
The electrical stability of as-made metallic SWNTs exhibited distinctly different
behavior than similarly processed semiconducting SWNTs. Instead of a reduction of Rsh
as seen in semiconducting SWNTs with increased exposure time, Rsh increased slightly
by approximately 10% as seen in Figure 5.13. Also, the optical absorption spectra
remained constant with no salient changes. While unexpected, the increase of Rsh is
likely significant since it exceeds the relative error of the TLM procedure of 3%
determined in chapter 3. It is expected that oxygen did adsorb on the surface of metallic
SWNTs to effectively hole dope the SWNTs through oxidation in a similar manner to the
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process observed in semiconducting SWNTs. However, because the density of states
between the intraband M11 energy transition is relatively small, the cumulative amount of
injected charge carriers was also sufficiently small such that an associated increase in
conductivity did not occur. It is possible that adsorbed oxygen can reduce the charge
mobility in SWNTs due to a decreased mean free path, thereby resulting in a slight
increase in Rsh. While this could also occur in semiconducting SWNTs, the density of
charge carriers injected into the film would more than compensate for any reduction in
mobility.
In contrast to the as-made metallic SWNT film, the doped film behaved similarly
to doped semiconducting SWNTs.
doping.

Rsh initially decreased by more than 40% due to

With increasing exposure time, Rsh increased, consistent with a loss of p-type

dopants. A slight increase in the M11 absorption peak with time was also observed in
Figure 5.13c. While smaller in magnitude, the increase was akin to the increase in the S22
peak observed in doped semiconducting SWNTs with time. This observation further
supports an understanding that the Fermi level in the metallic SWNTs was initially
shifted downward into the electronic band structure of the SWNT due to p-doping as was
done in the semiconducting SWNTs. However, the initial decrease in Rsh is not as large
as was observed in the semiconducting SWNTs, and consequently, the subsequent
increase in Rsh was smaller. This effect can likewise be understood in terms of the
limited density of available states for injected holes between the intraband M11 transition
in comparison to the states available in the valence band of semiconducting SWNTs.
Succinctly, since fewer holes were initially injected into the metallic SWNT film to fill
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the fewer number of available states in the DOS, fewer charges were lost as a function of
time.

Figure 5.13. (a) Electrical sheet resistance versus time in air for metallic SWNT films.
(b) Optical transmittance versus wavelength for as-made metallic SWNT films taken at
air exposure times of 3, 116, and 226 hours. (c) Optical transmittance versus wavelength
for doped metallic SWNT films taken at air exposure times of 3, 116, and 226 hours.
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5.7. Comparison of the Air Stability of Polydisperse and Monodisperse SWNT
Films
The air stability of as-made and doped polydisperse SWNT films was discussed in
Chapter 4. Rsh of both monodisperse and polydisperse SWNT films doped with HNO3
and SOCl2 increased with additional air exposure. In contrast, the stability of Rsh of asmade metallic, semiconducting, and polydisperse films was different for each type.
However, the resulting differences are reasonable. Since the polydisperse film was a
mixture of metallic and semiconducting SWNTs, it is expected that it would have an
electrical behavior representative of both electronic types. As shown in the previous
section, Rsh for the metallic film increased with time, while it decreased in the
semiconducting film. Therefore, the observation of no change in Rsh of the polydisperse
SWNT film with time could be interpreted as the result of the interaction between the
metallic and semiconducting SWNTs.

5.8. Verification of Metallic to Semiconducting Ratio
As can be seen in the UV-Vis-NIR spectra of annealed metallic SWNT films (e.g.
Figure 5.10), a non-negligible amount of semiconducting SWNTs appear to be present by
the emergence of S11 and S22 absorption peaks.

It is widely accepted in the SWNT

research community that as-received SWNT powders consist of a 2:1 ratio of
semiconducting to metallic SWNTs, as discussed in Chapter 2. As such, a UV-Vis-NIR
spectra of a polydisperse SWNT film was used to establish the composition of
semiconducting SWNTs in the metallic film. Since semiconducting and metallic SWNTs
have characteristic absorption peaks that are clearly distinguishable, the integrated area
under these peaks can be used to ascertain the relative composition.
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Because the

absorption peak caused by the S11 energy transition is highly sensitive to air exposure, the
absorption peak due to the S22 peak was used as the determinant of semiconducting
SWNT composition [128]. The ratio of semiconducting SWNTs to metallic SWNTs in
the metallic film, Rmetallic, was determined by:

AS
AM

polydisperse

AS
AM

=

R polydisperse

(5.5)

Rmetallic

metallic

where As, Am, Rpolydisperse, are the integrated area under the S11 peak, the integrated area
under the M11 peak, and the ratio of semiconducting to metallic SWNTs in a polydisperse
SWNT film, respectively. The films investigated are shown in Figure 5.14, in which the
integrated areas are shaded. The computed percentage of semiconducting SWNTs in this
film was 4.99%, which is consistent with the manufacturer’s specifications for purchased
monodisperse SWNT solutions.
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(a)

(b)

Figure 5.14.

Absorbance versus wavelength for (a) metallic SWNT films and (b)

polydisperse SWNT films. As, and Am are shaded to illustrate the absorbance contribution
from semiconducting and metallic SWNTs, respectively.

5.9. Conclusion
The goal of this chapter was to present a clear description of the optoelectronic
behavior of SWNT films of metallic or semiconducting electronic type. Similar to the
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trend reported by Blackburn et al. [128], doped semiconducting SWNT films were found
to be more optoelectronically favorable than doped metallic SWNT films. Because
absorption at the first and second van Hove singularities in the semiconducting SWNTs
was effectively removed via doping, films of degenerately doped semiconducting
SWNTs exhibited lower transmission losses in the visible spectrum in addition to higher
electrical conductivity. It was concluded that a greater number of free charge carriers
were induced in doped semiconducting SWNTs than in metallic SWNTs due to the
distinct differences in their intrinsic electronic density of states.

Photoelectronic

spectroscopy, Rsh evaluation, and UV-Vis-NIR were presented to provide experimental
corroboration of this theoretical conclusion. A larger number of free charge carriers
injected into semiconducting SWNTs resulted in higher electrical conductivity in
comparison to metallic SWNTs.

In addition, the optical wavelength range most

important to organic electronics is from 400 nm to 800 nm. Not only is the metallic
absorption peak at the M11 energy transition positioned in this range (~700 nm), it is not
as susceptible to removal as the S11 and S22 peaks in semiconducting SWNTs. Therefore,
SWNT films that contain a large portion of metallic SWNTs will also exhibit similar
absorption losses in the visible spectrum as was evident in the doped polydisperse SWNT
film studied in Chapter 4. Also, the significant variation in work function of as-made,
annealed, and chemically doped monodisperse SWNT films was quantified and presented
in this chapter. This detailed account represented the first summarized report of such
data.
The results of this chapter suggest that the 1-D nature of SWNTs requires an
unconventional approach to maximize their utility in electronic devices. While it is
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expected that a film of homogeneous electronic type would provide superior electronic
behavior, the analysis of monodisperse metallic and semiconducting SWNTs proved
counterintuitive.

In contradistinction to traditional methods that seek all metallic

networks to achieve high conducting electrodes, degenerately doped semiconducting
SWNTs may provide the optimal path to this goal. On the other hand, because Rsh in
metallic SWNTs is less sensitive to the Fermi level position, low work function networks
of metallic nanotubes may also find utility as the negative electrode in organic
electronics.
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CHAPTER 6: SPECIFIC CONTACT RESISTANCE AT
METAL/SWNT INTERFACES

6.1. Introduction
While SWNT electrodes presented in chapters 2 – 5 have shown significant
promise as a transparent electrode material, the resistive power losses arising from its
sheet resistance remain a considerable barrier to the scaling of OPV devices for large area
applications. Both ITO and SWNT electrodes have sheet resistance values comparable to
the top emitter used in Si-based photovoltaics, which can lead to excessive resistive
power losses. As a result, the integration of a metallic grid system is required in Si-based
photovoltaics to mitigate these losses. Grid systems are comprised of low resistivity
metallic fingers and busbars to assist in charge collection from the solar cell and thereby
reduce the contribution of the emitter’s sheet resistance to system level losses (Figure
6.1a). Due to similar concerns in the use of SWNT electrodes in OPVs, a metallic grid
deposited on SWNT electrodes may also effectively reduce the lateral path that
photogenerated electrical charges must traverse in the SWNT network before they are
collected in low resistance metal fingers (Figure 6.1b). However, an additional resistive
loss is formed at the interface between the SWNT electrode and the metal in the form of
contact resistance.
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(a)

(b)
Top
Electrode

OPV Active
Layers

Metallic
Grid

Substrate
SWNT
Film

Figure 6.1. (a) Commercial silicon solar cell panel with metallic grids and busbars
(www.midsummerenergy.co.uk). (b) Proposed OPV architecture incorporating a
metallic grid system.

Figure 6.2 illustrates the path of current and the associated resistances within the
electrode and at the metal/SWNT interface. In order to maintain minimum overall series
resistance in system integration, it is essential that low contact resistance, Rc, exist
between the SWNTs and the metallic fingers deposited on the electrode surface. To
address this need, this section will explore the interfacial electrical contact resistance
between the metal fingers and randomly distributed SWNT networks, providing the first
ever data on such contact parameters. In addition, this study will also project the impact
on power losses due to contact resistance in OPVs.
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Figure 6.2. (a) Illustration of metallic grid deposited on SWNT film. (b) Schematic
diagram of current and resistance distribution in electrode and electrode/contact interface.

6.2. Derivation of the Specific Contact Resistance from the Transfer Length
Method
Rc can be best understood as a series resistance at the contact interface that

describes the deviation of an actual contact from an ideal condition [153]. In this regard,
an ideal condition would exhibit no interfacial layers between the metal and
semiconductor in contact.

As described by Berger [153], the departure from ideal

conditions can be attributed to the thin accumulation/depletion layer that develops in the
semiconductor material. This layer on the surface of the semiconductor arises from work
function differences of the metal and semiconductor or because of surface states of the
semiconductor that exist in the energy bandgap. The difference in actual and ideal
contact can also be derived from any lack of intimate contact at the metal/semiconductor
interface and local chemistry between the two surfaces [154].
dependent upon the contact geometry and associated area.

Rc is intrinsically

However, a quantity to

describe the quality of the metal/semiconductor contact independent of contact area is
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desired. To this end, the specific contact resistance, ρc, is commonly used and in practice
is described as [155]:

ρ c = Rc ∗ A

(6.1)

with units of Ω-cm2, where A denotes the contact area at the metal/semiconductor
interface. ρc provides a convenient parameter to compare contacts of various sizes.
While series resistance parameters such as Rsh can be measured, ρc, must be
obtained from other quantifiable properties. Multiple methods exist for deriving ρc,
among which exist the cross-bridge Kelvin resistor contact test structure proposed by
Shih et al. [156], the contact end resistance test structure [157], and the transfer length
method, TLM, an extension of the transmission line method originally suggested by
Shockley [158]. The TLM is commonly used in practice and has been shown to be more
pertinent and reliable for derivation of ρc in p-type semiconductor/metal ohmic contacts
[159]. Furthermore, the TLM provides a convenient method where Rsh, Rc, and the
characteristic transfer length, LT can be simultaneously extracted.

Therefore, TLM is

used to ascertain ρc to assess the quality of the SWNT/metal contacts.
The TLM is based on the premise that current crowding occurs at the edge of the
metal contact resulting in a nonhomogenous flow of current from the semiconductor to
the metal. A transfer length can be defined such that [160]

LT =

ρc

(6.2)

Rsh
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where LT can be described as the length over which 1/e of the current has been transferred
from the semiconductor to the metal [159]. As can be observed from Figure 6.2, if the
contact resistance is very low with respect to the sheet resistance of the semiconductor, LT
will be small such that most of the current will transfer near the edge of the metal contact.
Conversely, if sheet resistance is low or the contact resistance is high, LT will be large
[161]. With this in mind, it is obvious that LT can never exceed L.
To allow the extraction of Rsh, Rc, and LT, the TLM test structure consists of
multiple metal pads at different spacings, di, deposited onto the semiconductor, as shown
in Figure 6.3.

Total Resistance (Ω)
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20

d1 d2

2RC

60

d4

W

2LT

0
-0.25

d3

L
0

0.25
0.5
0.75
Contact Spacing (cm)

1

Figure 6.3. TLM test structure with a representative plot of total resistance, RT, versus
contact spacings, di, of 0.9 mm, 2.9 mm, 4.9 mm, and 6.9 mm. The extraction of Rc
and LT are illustrated.
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The total resistance, RT, is measured between each contact spacing and plotted
versus d and a least squares fit of RT can be approximated by [124]:

RT = 2 Rc + Rsh ∗

d
W

(6.3)

However for the transmission line model, Rc meanwhile can be further simplified to
be equal to [153]:

Rc =

⎛ L
Rsh ∗ LT
coth ⎜⎜
W
⎝ LT

⎞
⎟⎟
⎠

(6.4)

and for L ≥ 2*LT, eq (6.4) can be simplified to

RT =

2 Rsh ∗ LT
d
+ Rsh ∗
W
W

(6.5)

6.3. Specific Contact Resistance Results and Discussion
A shadow mask was used to define the contact pads at spacings (di) of 0.09
cm, 0.29 cm, 0.49 cm, and 0.69 cm. The length (L) and width (W) of the contact pads
were 0.1 cm and 1 cm respectively, as illustrated in Figure 6.3. The total resistance
(RT) was measured between silver pads for each contact spacing and plotted versus d.
The least squares fit of RT versus contact spacing was approximated by Eq. (5.3) to
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permit the extraction of Rsh and Rc. LT and ρc can subsequently be determined from Eq.
(6.5) and Eq. (6.2) respectively. To validate the utility of the TLM in this application,
ohmic contact between the metal pads and the SWNT film was verified with the
observation of a linear current-voltage (I-V) relationship in both forward and negative
bias (Figure 6.4). The current was measured at voltage steps of 1 mV. Silver was
selected as the contact metal because of its ability to form ohmic contact with SWNT
networks and its present application in Si-based photovoltaic grid systems [162].
Because p-doping of SWNT films via chemical treatment has been demonstrated
as an effective method to improve the conductivity of SWNT electrodes [24, 97], the
films in this study were chemically doped to ascertain the influence of this procedure on
ρc. SWNT films were doped through a multi-treatment process consisting of immersion

in HNO3 followed by immersion in SOCl2 to provide added conductivity enhancement as
described by Jackson et al. [97] and in chapter 4 of this dissertation.

Figure 6.4. I-V curve between silver contact pads on SWNT film. Inset: Limited
range I-V curve of silver contact pads on SWNT film to illustrate linearity near 0 V.
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A total of 12 undoped SWNT films and 10 doped SWNT films were compared.
The average sheet resistance of doped SWNT films was 200 Ω-sq-1 (standard deviation, s
= 35 Ω-sq-1) compared to 338 Ω-sq-1 (s = 32 Ω-sq-1) for as-made films. Because LT and ρc
have small mean values, large variances, and cannot be negative, the resulting
distribution is skewed. Thus, a Gaussian distribution cannot be assumed. In such cases
of skewness, a log-normal distribution is often used [163].

The adequacy of this

distribution was tested using the Shapiro-Wilk test for normality of the natural log of LT
and ρc (Table 6.1). For all cases, the p-value of the test was significantly large (> 0.05)
such that the null hypothesis of log-normal distribution is not rejected.

Therefore

subsequent analysis of mean and variance is adequate.

Table 6.1. Results of Shapiro-Wilks test for normality of ln(LT) and ln(ρc).
As-made SWNT film
degrees of freedom p-value
ln(L T )
ln(ρ c )

12
12

Doped SWNT film
degrees of freedom p-value

0.77042
0.77436

10
10

0.51876
0.29725

Table 6.2. Transfer lengths of as-made and doped SWNT films with silver contacts.

Undoped SWNT Film
Doped SWNT Film

68.3 % Confidence Interval
Lower Bound
Upper Bound

Mean
(cm)
0.008
0.021

0.004
0.015
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0.013
0.032

Table 6.3. Specific contact resistance of as-made and doped SWNT films with silver
contacts.

Undoped SWNT Film
Doped SWNT Film

68.3 % Confidence Interval
Lower Bound
Upper Bound

Mean
(cm)
0.02
0.091

0.007
0.042

0.062
0.199

The mean values of LT and ρc of as-made and doped SWNT films with silver
contacts are shown in Table 6.2 and 6.3. In both as-made and doped SWNT films, LT
was experimentally found to be less than half of the contact pad length (0.1 cm), which
justified the assumption of an electrically long contact in the application of eq. (6.5). ρc
for the as-made film was found to be 0.02 Ω-cm2. As shown in Chapters 4 and 5,
semiconducting SWNTs in as-made films are sufficiently doped from oxygen species to
shift EF into the valence band, thereby causing semiconducting SWNTs to partially
contribute to electrical conduction in the film along with metallic SWNTs. A schematic
of the electronic structure of oxygen doped semiconducting SWNTs is shown in Figure
6.5a. Once silver was deposited onto the SWNT surface, electronic equilibrium must
be reached such that EF was constant for the two materials in electrical contact, as
illustrated in Figure 6.5b. As the Fermi levels equilibrate, electrons flow from the
material with the lowest work function to the other.

A Schottky barrier, φb, to

electronic transport is formed at the metal/semiconductor interface at electronic
equilibrium when there is an initial energy difference between the work function of
the metal and the charge carrier band edge of the semiconductor,[164] as
demonstrated in Figure 6.6. However, because, the work function of silver (ca. 4.7
eV[165]) lies below the carrier band edge in semiconducting SWNTs (S1 van Hove
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singularity), no Schottky barrier is expected. Also, because oxygen doping is not
sufficient to make semiconducting SWNTs as conductive as metallic SWNTs
(Chapter 5), the electrical nature of the as-made SWNT film and metal contact
interface is likely dominated by the interaction of the metal and metallic nanotubes
where no charge transfer barrier is expected. The analysis presented in this discussion
is consistent with the observed ohmic contact behavior over the full I-V curve in
Figure 6.4. Consequently, the contact resistance at this interface is a factor of the lack of
intimate contact over the contact pad area since electron beam deposition is not sufficient
to provide conformal coating of the SWNT network, in addition to any local chemistry
between the two surfaces. As discussed in Chapter 4, oxygen and water from the air,
readily adsorb on SWNT surfaces, which would in turn, impact local surface
chemistry between the contact metal and SWNT film.

(a)

Before electrical contact

(b)
Evac

ΦSWNT
(4.6 eV)

ΦM
(4.7 eV)

EF

Energy (a.u.)

Energy (a.u.)

Evac

In electrical contact

EF

ΦM
(4.7 eV)
EF
DOS (a.u.)

DOS (a.u.)

Figure 6.5. (a) Illustration of electronic band structure of semiconducting SWNTs in
as-made SWNT film before electrical contact with silver pad. (b) Illustration of
electronic band structure of semiconducting SWNTs in as-made SWNT film in
electrical contact with silver pad.
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Figure 6.6. Energy band diagram of metal and p-type semiconductor before electrical
contact.

As a result of doping through chemical treatment, higher conductive pathways
were created in the SWNT film to effectively reduce the overall resistance to lateral
current. Therefore, LT was larger for doped SWNT films as the resistance to current
flow under the metal pad was decreased. While Rsh was decreased due to doping, ρc
did not decrease as is typically observed in traditional metal/semiconducting contacts
[161]. In these reports, increased doping results in lower ρc due to the decrease in the
effective barrier height at the metal/semiconductor interface. However, because the work
function of silver lies within the valence band of semiconducting SWNTs, no Schottky
barrier is expected. Thus, there is no barrier height to lower. As the metal and highly
doped SWNTs are brought into electrical contact, electronic equilibrium at the
SWNT/silver interface is similar to the as-made SWNT film as illustrated in Figure 6.7.
Likewise, the contact resistance at this interface is then primarily a factor of the lack of
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intimate contact over the silver pad area and any local chemistry between the two
surfaces. However, the mean ρc of the doped films of 0.091 Ω-cm2 is higher and the
distribution of ρc is larger in doped films in comparison to as-made films (Table 6.3).
This can likely be ascribed to the impact of residual ions from chemical treatment on the
surface of the SWNT film that impact the local chemistry between the SWNT film and
the silver.

Before electrical contact

(a)

(b)

Evac

In electrical contact

ΦSWNT
(5 eV)

Energy (a.u.)

Energy (a.u.)

Evac
ΦM
(4.7 eV)

EF

EF

DOS (a.u.)

ΦM
(4.7 eV)
EF
DOS (a.u.)

Figure 6.7. (a) Illustration of electronic band structure of semiconducting SWNTs in
doped SWNT film before electrical contact with silver pad.

(b) Illustration of

electronic band structure of semiconducting SWNTs in doped SWNT film in
electrical contact with silver pad. The equilibrium location of EF is similar to the asmade SWNT film in Figure 6.5.

6.4. Impact on Device Power Loss
When considering the impact of ρc on photovoltaic ohmic losses, the power loss
due to contact resistance (Pcont) can be normalized to the maximum output (Pout) of the
cells.

Pout is estimated from current state of the art OPVs with device efficiencies of

5.1% [166].

At maximum power, the voltage (Vmp) and current density (Jmp) were
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estimated to be 0.425 V and 12 mA/cm2, respectively. The fractional losses due to
contact resistance (ploss) can be computed from

(JA) Rc
P
= cont =
Pout
JAV
2

p loss

(6.6)

where A is the area between metallic fingers. With Eq. (6.2), ploss can be written as:

ploss =

Jdρ c
VLT

(6.7)

where d denotes the separation between metallic fingers. The finger separation was
chosen to be 0.4 cm such that resistive power losses from the electrode sheet resistance
can be limited as shown by Rowell et al [167]. The computed results for silver contacts
on SWNT electrodes are shown in Table 6.4. For comparison, LT, ρc, and ploss for silver
lines deposited onto ITO and for screen printed silver contacts on the top emitter layer in
silicon photovoltaics [162] are also shown in Table 6.4 under similar device operating
conditions. The LT and ρc, for silver contacts on ITO was derived from the TLM in a
similar manner as SWNT/silver contacts described in the previous section. The specific
contact resistance was higher for an as-made SWNT film in contact with silver than for
ITO and more than an order of magnitude higher than silicon based photovoltaics with a
typical specific contact resistance of 1 mΩ-cm2 and sheet resistance of 40 Ωsq-1.

167

Table 6.4. LT, ploss, and ρc for metal contacts on SWNT electrodes, ITO and the emitter
layer in silicon based photovoltaics.
ρc
(Ω-cm )

LT
(cm)

p loss
(%)

0.020

0.008

2.82%

0.091

0.021

4.89%

ITO/Silver

0.008

0.011

0.82%

Si-PV/Silver

0.001

0.005

0.23%

2

As-made
SWNT/Silver
Doped
SWNT/Silver

6.5. Conclusion
The goal of this chapter was to describe the electrical nature of the interfacial
contact resistance between the metal fingers and randomly distributed SWNT networks.
To this end, the first ever data on such contact parameters were described. The specific
contact resistance of a SWNT film in contact with a metallic silver pad was found to be
significantly higher than typical values obtained in silicon-based photovoltaic
applications, resulting in non negligible power losses. Higher ρc can be attributed to the
deviation from ideal planar contact of a SWNT mat in contact with silver surface, and
any local chemistry between the SWNT surface and silver. However, while this work
provides the first reported measurement of ρc at this interface, no optimization has been
performed, thereby providing an opportunity for reduced contact resistance with further
research.

168

CHAPTER 7: CONCLUSIONS AND FUTURE OUTLOOK

The research in this dissertation has been conducted to advance the goal of
manufacturing SWNT networks with transparent electrode properties that meet or exceed
those of ITO. To this end, SWNT films were characterized with regard to the collective
and individual properties of the SWNTs that comprise the network. The insight gained
from evaluation of intrinsic SWNT properties was effectively leveraged to expand the
present understanding of SWNT networks to facilitate future SWNT electrode
development.
Important findings of this dissertation are as follows:

•

Chapter 4 expanded the understanding of how SWNT electrode optoelectronic
properties are affected by moderate and heavy doping. Ultraviolet photoelectron
spectroscopy was used to determine and present the first summarized report of the
variation in work function of as-made, annealed, and chemically doped SWNT
films. This chapter also presented the first known study to corroborate x-ray and
ultraviolet

photoelectron

spectroscopy

analysis,

optical

transmittance

observations, and electrical sheet resistance measurements with an understanding
of carbon nanotube electronic density of states to clearly elucidate the effect of
unintentional and chemically induced doping on SWNT films. Conducting-tip
AFM was used to reveal the highly electro-active nature of the SWNT film
surface after chemical doping, particularly with respect to the surface of ITO.
Sustained electrical conductivity of chemically doped SWNT films under
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moderate thermal loading and air exposure was achieved via a thin conductive
polymer “capping layer”.

•

Insight gained from Chapter 4 was used to suggest that comparisons of as-made
SWNT films is enhanced and substantiated by accounting for incidental doping.
To avoid comparisons of SWNT film electrical properties that are speculative and
subject to spurious conclusions, inclusion of optical transmittance that extended
into the near infrared (ca. 2500 nm) was shown to be a sufficient method to
effectively infer a qualitative level of unintentional hole doping.

•

Chapter 5 investigated the optoelectronic properties of SWNT films of
homogeneous electronic type to clearly describe the impact of charge carrier
doping on these networks. Counter to conventional intuition, chemically doped
semiconducting SWNT films were found to have superior optoelectronic
properties in comparison to similarly processed metallic SWNT films. It was
concluded that a greater number of free charge carriers were induced in doped
semiconducting SWNTs than in metallic SWNTs due to the distinct differences in
the electronic density of states. Photoelectron spectroscopy, Rsh evaluation, and
UV-Vis-NIR transmittance spectra were presented and discussed to provide
experimental corroboration of this conclusion.

Ultraviolet photoelectron

spectroscopy was also used to determine and present the first summarized report
of the variation in work function of as-made, annealed, and chemically doped
SWNT films of homogeneous electronic type.

•

Chapter 6 provided the first report of the electrical nature of the interfacial contact
between thin SWNT films and metallic contacts via quantification of the specific
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contact resistance. The impact of specific contact resistance on OPV power loss
was also estimated.

The research contribution of this dissertation can be leveraged with present state
of the art in SWNT films to advance the goal of manufacturing SWNT networks with
transparent electrode properties that meet or exceed those of ITO. However, issues
remain that must be addressed before SWNT film electrodes can reach commercial
market penetration. These primarily include further decreasing the sheet resistance to
better compete with ITO on glass that has a sheet resistance of 10 Ω-sq-1 and successful
and consistent integration of SWNT electrodes in organic electronic devices. These goals
constitute future work and are discussed in the section to follow.

Future Work: Integration of SWNT electrodes into OPV devices
The research presented in this dissertation has demonstrated that SWNT films
deposited on transparent substrates are increasingly becoming a viable alternative to ITO.
Ultimately, these electrodes must be integrated into organic electronics with comparable
or better performance than similar ITO devices. Preliminary data was obtained for small
molecule based OPVs fabricated on SWNT electrodes. OPV devices were fabricated by
spin coating a layer of PEDOT:PSS onto SWNT films fabricated and p-doped as
described in Chapter 3 and 4. The PEDOT:PSS layer was used to serve as a “capping”
layer to insulate the dopant molecules from the ambient environment and subsequent
organic layers, in addition to providing a smoother surface for further deposition as was
shown by other groups utilizing SWNTs as a positive electrode material in organic
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devices.[91, 103] Bilayer devices comprised of Pentacene and C60 small molecules were
subsequently deposited via thermal evaporation as described in Yoo et al. [168] with the
exception that silver was deposited as the cathode material.

Figure 7.1a illustrates the

described architecture for this device. Current density (J) – voltage (V) characteristics of
a sample device is shown in Figure 5.1b with a similar bilayer device deposited on ITO
electrodes for comparison.

The OPV deposited onto a SWNT electrode (of

heterogeneous electronic type) underperformed the standard ITO based OPV with SWNT
devices achieving a power conversion efficiency of 1.1% compared to 3.9% for ITO
devices.
A plausible explanation for this discrepancy can be attributed to the higher sheet
resistance of SWNT films.

As discussed in Chapter 1, the series resistance, Rs, is

proportional to the sheet resistance of the transparent electrode. However, a more subtle
cause for the lower performance can be related to the higher work function of doped
SWNT films. Doped SWNTs can have a work function of approximately 5.0 - 5.3 eV
compared to typical ITO electrodes with a work function of ca. 4.7 eV. The energy of the
HOMO level of Pentacene is about 4.9 eV. As also discussed earlier, optimal hole
collection in OPV devices is achieved when the work function of the positive electrode is
close to the energy of the organic donor HOMO layer, which is accomplished in the ITO
structure. Consequently the doped SWNT layer can introduce an energy barrier at the
interface of the organic layer and thereby limit device performance.
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Figure 7.1. (a) Schematic device structure of OPV on SWNT film. (b) Current density
(J) – voltage (V) characteristics of OPV devices constructed on SWNTs and on ITO for
comparison. Inset: full-range curves in semi logarithmic scale under illumination and in
dark.
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Power conversion efficiencies of 2.5% have been reported by Rowell et al.[103]
with polymer blend spin coated OPVs. Two noteworthy differences in device type and
architecture can be observed in these reported devices and the devices obtained from
preliminary tests. First, the HOMO level of the donor material in these devices is
approximately 5.3 eV which would generate a reduced hole collection barrier at the
SWNT/donor interface. Therefore, similar polymer blend spin coated OPVs should be
fabricated on SWNT film and investigated for improved charge collection at the
electrode/donor interface. Also, a grid system similar to the proposed architecture in
Chapter 6 was incorporated in the devices to reduce the resistive impact of higher sheet
resistance SWNT films.

Devices containing similar grid systems should also be

fabricated on SWNT electrodes to further assess the viability of SWNT electrodes as an
alternative to ITO.
Lower Rsh of SWNT films should be a priority in order to successfully displace
ITO in organic electronics. As discussed in chapter 2 (2.4.3.2), SWNT length and bundle
diameter affect Rsh. Optimization of solution dispersion should be sought to best achieve
small bundle sizes with minimal mechanical damage and length shortening of the
nanotubes. Also, it has been the observation of this author that nanotube films reported
in the literature with SWNTs purchased from Iijin Nanotech Co. Ltd in South Korea have
electrical properties that exceed those of similarly processed films.

This could be

attributed to the length composition of SWNTs in the batch supplied nanotube powder.
A comprehensive study that compares SWNTs from different manufacturers in SWNT
films utilizing methods outlined in this dissertation should be pursued to ascertain the
difference in nanotube properties of different suppliers, if they exist.
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The OPVs investigated in Figure 7.1 and others discussed in the literature have
employed SWNT films of heterogeneous electronic type. A study should be conducted
on OPVs on metallic and semiconducting homogeneous SWNT films to ascertain the
impact of the different electronic structures on the charge collection in these devices.
Also, due to the electronic homogeneity of the film, these devices have lower Rsh, which
should in turn increase device performance.
However, the surface roughness of these films is most likely the largest barrier to
successful integration into organic electronics.

As demonstrated with AFM surface

images in Chapter 3, SWNT film surfaces significantly rough and contain high peak to
valley ratios. Since OPVs and OLEDs have small active layers on the order of 10 -100
nm in thickness, large spikes of SWNT ropes, metal catalysts, or carbonaceous impurities
will significantly degrade device performance via electrical shorts to the negative
electrode. Therefore, fabrication of SWNT electrodes should be evaluated to determine
the best manner in which to produce smooth, conductive SWNT films. The ultrasonic
spray technique developed by Tenent et al. [101] represents a key development to this
end.
In conclusion, the results of this dissertation provide further optimism for the
potential of SWNT transparent electrodes as a surrogate for ITO in organic electronics.
The insight provided can be effectively leveraged in future SWNT electrode development
to yield electrical sheet resistance values that compare well with the present values of 10
– 70 Ω-sq-1 for ITO.

However, as suggested by the superior nanoscale surface

electroactivity of SWNT electrodes in comparison to ITO, SWNT electrodes may be able
to outperform ITO in device operation, even with higher electrical sheet resistances.
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Also, due to the 1-D nature of SWNTs, an unconventional approach will likely be
required to maximize their utility in electronic devices. In contradistinction to traditional
methods, degenerately doped semiconducting SWNTs may provide the optimal path to
all metallic networks that result in high conducting transparent electrodes. On the other
hand, because Rsh in metallic SWNTs is less sensitive to the Fermi level position, low
work function networks of metallic nanotubes may also find utility as the negative
electrode in organic electronics.

Overall, the unique optoelectronic properties of single

wall carbon nanotubes, in combination with the mechanical stability exhibited in thin
nanotube networks, make SWNT transparent electrodes a promising candidate for
organic photovoltaic and organic LED integration.
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