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The interaction of light with carbon nanomaterials is the main focus of this
thesis. I explore several nanostructured systems involving different allotropes of
carbon, and characterize them both electrically, if applicable, and optically. Special
attention is paid to search for plasmon-like excitations on the systems, or utilizing
surface plasmons on characterization.

The first objective is to achieve control of carbon nanotube (CNT) conductivity
with surface plasmon polaritons (SPPs), which resulted in the first CNT field-effect
transistor (FET) that can be gated definitively with SPPs. The second objective is the
investigation of optical properties of various thin carbon-based molecular networks.
Recently developed methods allow separation of different types of CNTs. Inspired
by that, films consisting of only metallic-type single-walled (SW)CNTs were studied,
which led to the discovery of a dispersive collective optical resonance in these thin
tilms. With similar methods, conductive polymer films were also measured.

To pursue the first goal, a FET was fabricated using a semiconducting-type
SWCNT and a thin silver film as a backgate, on which SPPs were excited close to the
CNT via the Kretschmann total internal reflection (TIR) configuration. As a result,
the CNT FET could be gated at a low optical excitation power using SPPs, which
most likely trigger desorption on the device, alter the Schottky barriers on CNT
contacts and modulate the current. A scanning near-field optical microscope was
also used to measure the local photosensitivity of the CNT FETs.

Thin films of chirality-selected SWCNTs were measured with optical spec-
troscopy in TIR conditions, and a new collective excitation was discovered in metallic-
type SWCNTs. This dispersive phenomenon appeared only with a polarization not
able to excite regular SPPs, and was linked to the excitonic transitions of the tubes.
It shared features with SPPs such as the dependence on both the film thickness

3



4

and the properties of the surrounding medium. Transparent conductive polymer
tilms, some with graphene flakes, were also characterized, and their optical prop-
erties evaluated with TIR spectroscopy. No plasmonic or other peculiar resonances
were detected, but the study led to a method to evaluate the optical anisotropy in
thin polymer films. Using this method, it was possible to measure thick and uneven
tilms, that are unsuitable for ellipsometry.

Keywords carbon nanotubes, optoelectronics, spectroscopy, plasmonics, conduc-
tive polymers, graphene
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Tiivistelma (Abstract in Finnish)

Grafiittisen hiilen muodostamien nanorakenteiden, hiilinanoputkien ja grafeenin,
vuorovaikutus valon kanssa on tdméan vaitoskirjan padaihe. Grafeeni on yksittdinen
hiilen muodostama atomikerros grafiitista, ja tdllainen kerros itseensa kiertyneend
muodostaa hiilinanoputken, joka voi olla sdhkoisiltd ominaisuuksiltaan metallinen
tai puolijohtava kiertymissuunnasta riippuen. Valo ei voi kulkea metalleissa, mutta
metallin johtavuuselektronien liike voi kytkeytya valon kanssa tietyissa tilanteissa,
jolloin muodostuu metallin pinnalla kulkeva viritystila, pintaplasmonipolaritoni.

Tutkimuksen ensimmadisend tavoitteena oli hallita hiilinanoputkien johtavuut-
ta ndilld plasmoneilla. Tétd varten valmistettiin ensimmaéinen varsinainen pintaplas-
monipolaritonihiilinanoputkikanavatransistori. Kanavatransistoriin kdytettiin ohut-
ta hopeakalvoa, jonka pinnalla plasmonit pystyivdt kulkemaan ja jota kdytettiin
transistorin hilaelektrodina. Plasmonit muodostettiin prisman avulla kokonaishei-
jastusmenetelmalld. Kanavana oli puolijohtava yksiseindinen hiilinanoputki kytket-
tynd palladiumelektrodeihin. Hiilinanoputkitransistorin virtaa pystyttiin ensi ker-
taa sddtelemddn plasmonien avulla kdyttden hyvéksi transistorin pinnalla tapahtu-
vaa kemiallista vuorovaikutusta. Vastaavien transistorien valoherkkyytta tutkittiin
my0s optisella ldhikenttamikroskoopilla.

Toisena painoalueena oli tutkia sdhkod johtavien hiilen muodostamien nano-
rakenteiden optisia ominaisuuksia. Kiraalisuuden mukaan valittujen hiilinanoput-
kien muodostamia kalvoja mitattiin optisella spektroskopialla, ja metallistyyppi-
sistd hiilinanoputkikalvoista 10ydettiin kokonaisheijastusoloissa aiemmin tuntema-
ton kulmariippuva optinen resonanssi. Tama viritystila ei ole tyypillinen metallissa
esiintyva plasmonipolaritoni, koska sen virityspolarisaatio on vastakkainen. Reso-
nanssi on kuitenkin riippuvainen kalvon paksuudesta sekd kalvon péilld olevasta
materiaalista, mitka viittaavat pinnalla tapahtuvaan kollektiiviseen viritykseen.

Vastaavaa menetelmdd kaytettiin ohuiden polymeerikalvojen optisen aniso-
trooppisuuden arvioimiseen. Tutkittavana (optisten ja sdhkoisten ominaisuuksien
sekd rakenteen suhteen) oli johtavia, lipindkyvid polymeereja (PEDOT:PSS), joista
osassa oli johtavuuden parantamiseksi lisdttyjd grafeenilastuja. Kokonaisheijastus-
menetelmalld voitiin mitata paksuja ja epédtasaisia kalvoja, joista on vaikea saada
tietoja perinteiselld ellipsometrialla.
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Introduction

This thesis concentrates on the interaction of conductive carbon-based materials
with far-field light and surface plasmon polaritons, electron oscillations hybridized
with a photon and localized on a conducting surface. A brief historical overview on
these topics is given in this introduction.

Carbon is a versatile material even if only its allotropes are considered, not to
mention its complex chemistry with a multitude of compounds. Elemental carbon
has long been known to have different allotropes, including crystalline graphite
and diamond, and additionally amorphous carbon. In the past few decades, new
graphitic carbon allotropes with promising applications have been discovered.

Research concerning the simplest system of graphitic carbon, a single two-
dimensional layer, can be considered to have began in 1947, when the band struc-
ture of a sp>-bonded hexagonal carbon lattice was theoretically evaluated by Wal-
lace [140]. Systematic isolation of these layers was achieved not until 2004 [102],
when Novoselov and Geim separated single layers, named graphene, by repeatedly
peeling graphite crystals with scotch tape.

More complex structures are possible when the edges of a single layer are con-
nected to themselves. In 1985, Kroto et al. [77] published a report detailing mass
spectroscopy of laser-vaporized carbon. A significant peak corresponding to stable
clusters with 60 carbon atoms was seen when cluster-cluster interactions were max-
imized by cooling the graphite plasma in helium. For this spherical football-like
cluster, the name buckminsterfullerene was proposed. This later led to the name
for the whole family of such graphitic clusters, the fullerenes. Predictions of stable
carbon clusters with a graphite plane rolled up to close itself had surfaced years
earlier [107], but with little notice.

Elongated versions of fullerenes, carbon nanotubes (CNTs), had also not only
been predicted but also produced and characterized years before interest in them
took off [95]. Hollow carbon filaments with about 50 nm diameter were observed
with transmission electron microscopy already in 1952 [112]], and smaller filaments,
most likely thick multi-walled (MW) CNTs, were identified in the 1970s [105]. In
1991 lijima reported tubules growing from a graphite electrode in arc-discharge
evaporation of carbon [62]. Research in a wider scale took off in 1993 [16], when
single-walled (SW) CNTs were systematically synthesized with the arc-discharge
method in combination with cobalt. Unlike fullerenes, that have few possibilities
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for applications, carbon nanotubes have already been used commercially e.g. in me-
chanical composites, as conductive additives, in filters and as binders in lithium ion
batteries [26]].

Electromagnetic radiation, including visible light, exists as an oscillation of
electric and magnetic fields, and it can travel without a medium or in dielectrics.
On metal surfaces with almost free conduction electrons that can screen this radia-
tion, far-field light is generally reflected. On the surface of a metal, however, there
can exist a kind of slow light, which is an interplay of electron oscillations and an
associated evanescent field [72].

These surface plasmon polaritons (SPPs) have been known for over a century,
concerning both the propagation of radio waves on a surface of a conductor eval-
uated by Sommerfeld in 1899 [87] and as anomalies present in reflections of visible
light on metallic gratings found by Wood in 1902 [113]. The theory that adequately
explained these results was developed by Fano decades later [37]. Plasmons also
started to be investigated using direct excitation by electrons at this time. Prism
coupling was invented in the 1960s by Kretschmann [76] as a method to excite SPPs
on smooth metal films.

Localized surface plasmons are essentially the same phenomenon on metal
nanoparticles as SPPs on metal films. They have been unknowingly utilized since
Roman times, and had their theory developed by Mie at the turn of the last century.
The plasmon resonance, changing in wavelength as a function of particle size in
metal colloids, was explained as an optically excitable oscillation of free conduction
electrons in a metal particle [92].

The first applications for SPPs appeared in the 1970s, when Fleischmann, van
Duyne and others began to study optical scattering from molecules attached on a
silver surface. It was discovered that an enhancement in optical signal up to six or-
ders of magnitude was possible, and this effect has later been put to use in surface
enhanced Raman spectroscopy (SERS) [54]. A connected application, near-field op-
tical microscopy utilizing a subwavelength feature to image below the diffraction
limit, is useful for detecting SPPs. In the microwave region, this was experimentally
realized in 1972, and for the optical range in 1984 by a group at IBM [103]].

Interest in surface plasmons was renewed in late 1990s, when it was realized
that SPP modes in metal nanostructures can be used to localize light signals far be-
yond the diffraction limit. Waveguides made of nanowires or nanoholes could be
used to guide the plasmons [130], and sharp points would localize excitation [101].
It was also experimentally demonstrated that subwavelength hole arrays in metal
films let more light through them at specific resonant frequencies than expected [32],
which is useful for color filters. After these findings, the field concerning surface
plasmons began to be referred to as plasmonics [48]. Recent additions for applica-
tions concerning plasmonics include near-field imaging and lithography, SPP-based
sensors and spectroscopy, plasmonic antennas, metamaterials as well as signal pro-
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cessing with active plasmonic components [87].

Polymers, long-chained hydrocarbons, are usually not good conductors as such.
Intrinsically conducting polymers are a notable exception to this, having mobile
charge carriers due to a combination of a conjugated backbone, charge transfer in
ionic systems and additional dopants.

Generally, the basis of polymer science was founded in the 1920s, when the
concept of macromolecules was developed by Staudinger [56], even though syn-
thetic polymers, including plastics, had been in industrial production since the 19th
century. Semiconducting organic compounds were developed in the 1950s, includ-
ing charge transfer complex salts. The first conducting polyheterocycles, polypyrro-
les, were recognised as such in the early 1960s [33]]. The fundamental breakthrough
in highly conducting polymers was the 1977 discovery of the effect of halogen dop-
ing in polyacetylene [22], which exhibited metallic-like conductivity mostly due to
charge transfer and polarons [56]. Until the 1980s, all highly conducting polymers
were unstable in regard to their conductivity in the presence of oxygen and water,
and had therefore little practical use. The discovery of stable, even water process-
able, polythiophenes made commercial applications possible. Transparent films of
such materials are also available [33].

Initially, the main objective for this dissertation was to investigate the inter-
action of surface plasmons with carbon nanotube electronics, specifically the pos-
sibility to control the current in transistors with SPPs. After measuring chirality-
controlled SWCNT films for their optical properties, the scope was expanded to
include research on the unexpected optical resonances seen in such metallic-type
tilms, which were also searched for in films of conductive polymers.

The background information for the experimental work in this dissertation is
arranged in Part I. In Chapter [I]I describe relevant structural and electrical prop-
erties of carbon-based nanomaterials. Chapter 2| contains a review of their optical
properties, including an overview of surface plasmons. A brief review on the syn-
thesis of the relevant materials is included in Chapter 3| The experiments conducted
by the author for this dissertation are described in Part II, arranged in the same
order as corresponding included publications. Chapter @ describes the gating of car-
bon nanotube devices with SPPs, both in the Kretschmann configuration (A.I) and
with a scanning near-field optical microscope (SNOM). In Chapter 5| thin films of
CNTs are measured in a total internal reflection configuration to probe their col-
lective resonances (A.II), and Chapter [p| has similar measurements with conductive
polymers (A.III). The findings are summarized in Chapter[7]
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Chapter 1

Structure and electrical properties

A carbon atom has four valence electrons with which it can form chemical bonds.
This leads to many possibilities for bonding, and is the enabling property for com-
plex organic chemistry. In addition, carbon can bond with itself in several ways,
which leads to a wealth of different allotropes.

When a carbon atom is bonded to four other carbons (via sp® hybridization), it
results in the very hard and thermally conductive diamond structure. Diamond has
a large band gap of 5 eV, which makes it a good insulator. Electrons also cannot be
excited from the valence band to the conduction band optically, which results in a
translucent appearance.

Graphitic materials on the other hand have a planar sp*-hybridization, where
one carbon atom is bound to three other carbons. In these materials the band gap is
small or nonexistent. These structures include graphite, graphene, carbon nanotubes
(CNTs) and fullerenes.

Linear acetylenic carbon or carbyne, where a sp'-hybridized carbon atom is
bound to two others, is also possible. Strong chemical activity which leads to insta-
bility in ambient conditions limits the usefulness of this allotrope, but these chains
can be produced and protected in CNTs. [123]

1.1 Graphene

A single layer of graphite, graphene, is formed of carbon atoms with sp? hybridiza-
tion, resulting in a hexagonal sheet as depicted in Fig. The layer has to be suffi-
ciently isolated from its surroundings to be considered graphene, as several layers
bound to each other with van der Waals forces form graphite. [45]

Out of the four orbitals in carbon, 2s, 2p,, 2p, and 2p,, the three first ones hy-
bridize with each other to form covalent o-bonds, which determine the mechanical
and thermal properties of the sheet. The 2p, orbital points out of the plane, and or-
bitals of neighboring atoms couple with each other to form delocalized 7-bonds [34].
Interactions out of the plane are very weak, so thermal and electric conductivies are

21



22 CHAPTER 1. STRUCTURE AND ELECTRICAL PROPERTIES

over 1000 times higher in the plane than out of it. In terms of the electron band
structure, occupied 7 orbitals form the valence band and unoccupied 7* orbitals the
conduction band. [3]]

S8 ecece
802 1 2e2ee
G50 S bt
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FIGURE 1.1 Hexagonal lattice of graphene with base vectors @, and d@> used to de-
fine the chirality vector with integers n and m. With this vector, the orientations and
widths of carbon nanotubes and graphene nanoribbons can be quantified. The vec-
tor defines the direction perpendicular to the SWCNT axis, and resulting tubes with
(semi)metallic (white) or semiconducting (black) properties are marked. The chiral an-
gle O is defined in relation to the zigzag vector. Adapted with permission of Elsevier
from [[15].

The electronic transport properties of graphene depend on the direction of
propagation. The zig-zag direction parallel to the first vector a; is metallic (but the
zig-zag tube is not necessarily metallic), but the armchair direction (a@; + @) is semi-
conducting, as defined in Figure(1.1| In graphene the conduction and valence bands
meet at Dirac points as seen in Fig. and therefore it is a zero-gap semiconductor
for large areas, behaving as a metal. [17]

The first Brillouin zone represented in Fig.[1.2]is a primitive cell in reciprocal
space (momentum space). The reciprocal lattice is the Fourier transform of the real-
space lattice, and also is directly connected to the diffraction pattern produced by a
crystal. The primitive cell for a repeating lattice is a minimum volume unit contain-
ing one lattice point that can be used to fill the lattice without gaps.
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FIGURE 1.2 The constant energy surfaces (energy in the z axis) for the conduction and
valence bands of a 2D graphene layer in the first Brillouin zone (in reciprocal space).
The plot was calculated using the 7-band nearest neighbor tight binding model. The
bands touch in K points at the corners of the two-dimensional Brillouin zone, marked
with red circles. The cutting lines for a (4, 2) nanotube energy band diagram are shown
with dark solid curves, but translated to the first Brillouin zone of graphene. The tube
(and similarly a graphene strip of the same orientation and width) can be seen to
be semiconducting, as none of the cutting lines intersect the K points, resulting in a
significant band gap. Adapted with permission of Elsevier from [28].

1.2 Carbon nanotubes

1.2.1 General properties

The edges of a sheet of graphene can be figuratively rolled up and attached to
each other, forming more complex tubular or spherical structures. Relatively small
and close to spherical carbon molecules structured in this way are called fullerenes,
long cylindrical ones are carbon nanotubes. Carbon nanotubes can be single-walled
(SWCNT) or multi-walled (MWCNT).

MWCNTs usually consist of concentric and coaxial SWCNTs of different di-
ameters and chiralities, which are bound to each other with van der Waals forces. A
scrolled up graphene sheet forming multiple layers is also a possible configuration.
Because at least one of the concentric tubes is likely to be metallic or the scrolled-up
sheet is wide enough, usually MWCNTs behave electrically as zero-gap metals. [15]

Because carbon nanotubes can be considered as wrapped up sheets of graphene,
their properties are analogous to graphene strips of different widths and directions
of the lattice. Thus, electrical transport properties in SWCNTs can be explained by
considering transport along different directions in a graphene sheet.

The chirality of a SWCNT can be defined with a chiral vector, that can be de-
fined with the unit vectors of the lattice C = nd; + mds. Here the integers (n,m)



24 CHAPTER 1. STRUCTURE AND ELECTRICAL PROPERTIES

specify the nanotube structure, as C also defines the circumference of the nanotube
as seen in Fig.[1.1] The diameter d of the SWCNT is therefore

d="=2/nZ ¥ nm + m2. (1.1)
™ ™

The distance a is the lattice constant of graphene, which is V/3 times the distance

between carbon atoms (1.42 A).

Because of the direction dependence in the conductivity of graphene, the chi-
rality of a nanotube has an effect on its conductivity. Because of their small diameter,
the directions of conduction in the hexagonal lattice are quantized, and the direc-
tion of the tube axis determines the bandgap of the tube. It must be noted that the
same names used for directions on a graphene sheet are also used to name nan-
otubes, where they define the circumference, and therefore an armchair tube (n=m)
is metallic and has a 0 eV energy gap, while this direction in a graphene sheet is
semiconducting. Additionally, semimetallic tubes (n-m divisible by 3) have a small
energy gap. Both of these are marked as metals in Fig. The remaining two thirds
of possible SWCNTs are semiconducting. All these types can be grouped by the
remainder mod(2n + m, 3) = 0, 1,2 where the groups are metallic, type-I semicon-
ducting and type-II semiconducting, respectively. The two types of semiconducting
SWCNTs signify different branches that have differences in transition energies, rel-
evant to optical properties as seen later in Fig.

Additionally, SWCNTs have handedness. The zigzag (m = 0) and armchair
tubes are achiral, but the others are either right-handed (n > m) or left-handed
(n < m) [31]. The enantiomers are sometimes seen to be denoted as either + for right
or - for left so that the chiral indices have always n > m, as is the convention also
if enantiomers are not considered. These enantiomers have differences concerning
the rotation of polarized light in them (circular dichroism), and chiral molecules can
also have differing interactions with them. [20]

Carbon layers with sp? hybridization are attracted to each other due to van der
Waals forces, which in the case of flat sheets will result in graphite. These forces
cause SWCNTs to easily bind to each other, forming bundles. In suspensions this
can be partially prevented by using suitable solvents such as (1,2)-dichloroethane,
tetrahydrofuran or ethanol. A more effective solution is to use surfactants, often
aromatic in one end, which enables the suspension of CNTs in a polar solvent, such

as water. SWCNTs will also generally stick to solid surfaces, making their removal
difficult. [60]

1.2.2 Carbon nanotube field effect transistors

In transistors the current through a channel is controlled by another current (bipo-
lar transistor) or a voltage (field-effect transistor, FET). In a FET a transverse electric
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tield affects the longitudinal motion of the charge carriers and the carriers are either
holes or electrons, making it a unipolar device [68]. It has three terminals: the cur-
rent in the channel between the drain and the source (/) is controlled both by the
applied voltage between these (V;;) and an applied voltage at the gate electrode (V,),
which is separated from the channel with a dielectric. For simple circuits, the sub-
strate (usually highly doped silicon) can be used as a backgate, but for individual
control of several devices topgates are needed.

The metal-oxide-semiconductor field effect transistor (MOSFET) is the most
common type of transistor currently in use. Their size for executing a certain func-
tion is smaller and fabrication requires fewer steps than bipolar junction transistors.
Both types of transistors are based on doped semiconductors, usually silicon. N-type
doped semiconductors have a larger electron than hole concentration as charge car-
riers, which means using a donor dopant with excess electrons (group-V element
such as phosphorus for silicon). With a n-type channel, the energy barrier block-
ing current is in the conduction band so a positive applied gate voltage lowers the
barrier and opens the channel. In contrast, p-type ones have holes as main charge
carriers, using an acceptor dopant (group-III element such as boron for silicon). The
barrier in this case is in the valence band, and conductivity is increased with a neg-
ative V. [68]]

For scaling down the transistor size even further, using semiconducting SWC-
NTs as the channel is an option. The resulting CNT FET was first realized in 1998
[132]. These devices have typically been made on silicon and an oxide with metal
contacts like conventional transistors, with the SWCNT taking the place of the in-
trinsic silicon channel. The cylindrical tube also in principle allows surrounding the
channel with a gate, in addition to the more common backgate or topgate configu-
rations. CNTs with metallic behavior (or graphene) can be also used as electrodes,
and recently all-carbon CNT FETs have been demonstrated, where even the dielec-
tric layer and substrate can be hydrocarbons (plastics) [2].

The CNT FET can have ballistic transport [64], if the only resistance present is
quantum resistance. In this case no carrier scattering or energy dissipation would
take place in the body of the CNT, and the on-current resistance would be deter-
mined by the number of conduction modes within the CNT. For a single metallic-
type tube this would be R = % = 6.45 kQ [6]. In practical devices, this is limited
by imperfections in both the tubes and the contacts. The driving electric field (to not
excite the RBM) and the temperature also need to be low, but at room temperature
channel lengths of less than 100 nm can be ballistic.

In practice, the properties of metal contacted CNT FETs are usually caused by
Schottky barriers at CNT-metal contacts [58]. The different work functions of the
materials at these interfaces lead to charge transfer and a dipole, producing energy
barriers at both source and drain as seen in the insets of Fig.[1.3| If one of the barriers
is much higher than the other, the behavior is unipolar, and the device shows n- or
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p-type behavior depending on the work function difference between the metal and
the CNT [21].
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FIGURE 1.3 Drain-source current in an ambipolar FET with a single SWCNT, display-
ing p-type behavior at low V;. The energy band structure is shown in the inset at lower
left, which shows holes injected from the source (S) The behavior changes to n-type at
high V,, with electrons injected from the drain (D) (inset at lower right). Drain-source
bias changed at steps of -0.2 V in curves from bottom to top. Adapted by permission
from Macmillan Publishers Ltd: Nature Nanotechnology [6], copyright 2007.

For example, devices with palladium electrodes contacting the semiconduct-
ing SWCNT channel have a p-type behavior, where current increases with a nega-
tive gate voltage. Pd has a work function (5.2 eV) relatively close to the SWCNT (4.8
eV [83]), which results in a better p-type contact, since the valence band is close to the
metal Fermi level. If the work function is low for the contact material (e.g. Al 4.1 eV
and Ti 4.3 eV), electron transport is optimized and hole transport inhibited. Thus,
the contact is more likely to be n-type and the channel is opened with a positive
gate voltage. Typically transfer across the Schottky barrier is dominated by tunnel-
ing rather than thermally activated emission over the barrier, and the thickness of
the barrier is critical [6].

Additionally, with an asymmetric CNT FET with different gate dielectric thick-
nesses close to drain and source (using either a back- or topgate) it is possible to
switch between n- and p-type behavior by changing the sign of the drain-source
voltage [57]. CNT FETs with thin gate oxides can also be ambipolar as in Fig. [1.3|so
that both holes and electrons contribute to conduction, and the channel is opened at
both negative or positive gate voltages [6].

In addition to these Schottky-barrier CNT FETs, it is possible to dope parts of
the nanotube to form p- or n-type regions to make a drain and source, and leave
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an intrinsic portion as the channel. When gate voltage is applied to these regions,
the device operates more like a conventional FET. Such a configuration can also be
equipped with a wrap-around gate on the tube, promoting tunneling effects with
a very effective gate control [73]. SWCNTs doped so that they have internal p-n
junctions can also be used as highly efficient photodiodes [43]]. Reduced graphene
oxide can also be used as an electrode material in a CNT FET, resulting in p-type
behavior in ambient conditions [80].

The current in a CNT FET is usually dependent not only on the bias voltage V;;
and the gate voltage V;, but also on previous V;. The hysteresis is generally caused
by trapped charge, but there is disagreement whether the relevant charge traps (mo-
bile or immobile), located in the gate dielectric, are caused by defects in the CNT or
are connected to water molecules adhered to the dielectric [115]. The dielectric layer
of the CNT FET in any case plays a major role in hysteresis.

The modulation of current through a semiconductor requires either an exci-
tation of charge carriers over the band gap or the modification of the band itself.
The former can be accomplished with heat or light, and the latter most commonly
by applying an electric field, but also with chemical doping, mechanical strain or
magnetic field.

Changes in CNT conductivity can be produced by photon excitation, which
produces electron-hole pairs that are separated by the applied field. In CNT FETs the
Schottky barriers at CNT-metal contacts and defect sites in the CNTs have internal
tields that also separate electron-hole pairs [6]. Alternatively, a photovoltage can
be generated in the open-circuit configuration. In both cases the active sites can be
imaged with a laser-scanning microscope [41] or a SNOM (Section [4.2).

Surface plasmon polaritons (SPPs) can have similar effects on the CNT FET as
far-field optical excitation, but because the SPP is highly localized on the interface,
the amount of power needed is much lower if the active area is in the range of the
SPP. Gating by SPPs complicates the design of the CNT FET in relation to far-field
optical excitation. This is because a plasmonic metal is needed in close proximity
(less than 100 nm) of the CNT channel and especially the Schottky barriers due to
the limited extent of the SPP. This is discussed further in Chapter

In addition to effects related to the CNT and its contacts, light absorption in
a semiconducting substrate can generate a photovoltage, which can have a larger
effect than direct electron-hole generation in the CNT. In the case of an interface
between silicon and silicon dioxide, this photovoltage in the backgate can be up to
-160 mV for a 633 nm, 4 mW laser. This effect is visible even if the laser spot is at a
large (mm scale) distance from the CNT. [89]

The electronic properties of CNTs can be modified with the addition of elec-
tron donors (e.g. alkali metals) or acceptors (e.g. halogens) with physical adsorption,
encapsulation or intercalation in bundles. Additions with covalent bonding are also
possible, such as substitutional doping and sidewall functionalization. [159]

Adsorption of chemicals can have a large effect on the conductivity of the CNT.
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Chemical species that are weakly bound via van der Waals forces can be easily re-
moved with relatively weak optical excitation [138]]. Physisorbed oxygen in particu-
lar is present on CNT FETs when they are exposed to air, and it has a large effect on
electronic properties [24]. The physisorption of O, molecules causes the CNT FET
to have more holes as carriers (p-type), increasing the on-current of semiconducting
nanotubes if the device was already p-type [93]]. An n-type annealed CNT FET (Au
electrodes) can be converted to p-type by oxygen exposure, as seen in Fig. [1.4a.
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FIGURE 1.4 Drain-source currents measured in a FET made with 1.4 nm diameter
SWCNTs deposited on gold electrodes with 120 nm SiO; on Si, Vg5 = 0.5 V. [27] a)
Effect of oxygen. The device is n-type after thermal annealing in vacuum (red), and
the response changes gradually to p-type when oxygen exposure (2 min at a time) is
gradually increased from left to right: P = 10~* Torr (orange), P = 5 x 10~* Torr
(turquoise), P = 5 x 1072 Torr (green), P = 10~! Torr (light blue) and ambient (dark
blue). b) Effect of potassium doping (e~ donor) on a similar CNT FET. The curves from
right to left (blue, dark green, turquoise, yellow, orange, red) correspond to doping cy-
cles with increasing deposited amounts of adsorbed potassium. Adapted figure with
permission from [58]. Copyright 2002 by the American Physical Society.

Like Oy, NO; causes p-type behavior, while NHj is an electron donor, result-
ing in n-type behavior. Due to physisorption, CNT FETs can therefore be applied as
gas sensors [18]. For these effects there can be two reasons: either the doping of the
CNT itself or the modification of the Schottky barrier at the tube contact. Initially
the first explanation was assumed, but later there have been specific experiments
showing that the CNT-metal contacts specifically are sensitive to gases, for example
by shielding only the contacts from gases [157] or comparing the electrical response
to actual doping with alkali metals as seen in Fig. [27]. Technically for adsorp-
tion of gases there is no doping involved, but a modification of the work function at
the metal surface. [58]

The conductivity of a CNT is also scaled by changes in temperature, but the ef-
fective gate voltage is not changed [12]. This dependence can be relevant also when
using optical excitation, since high-intensity light can also raise significantly the
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temperature of the CNT FET. Freestanding CNTs are most affected by this, because
contact with a substrate will in most cases conduct the heat effectively, equalizing
the temperature of the device with its substrate.

1.3 Conductive polymers

1.3.1 General properties

Organic compounds are generally poor conductors, since normally the valence elec-
trons of the carbon chain are bound in sp-hybridized covalent bonds (like in dia-
mond) and have low mobility. However, if the polymer backbone has a continuous
chain of sp?-hybridized carbons, there are delocalized electrons (like in graphene or
CNTs), which become mobile when these conjugated orbitals are partially emptied.
This conjugated chain can also be considered to have alternating single and double
bonds between carbon atoms. If the material has ionic components, a charge trans-
fer complex can be formed, which facilitates conductivity between the components.
Additional secondary dopants can also be used, which cause permanent doping in
contrast to the ionic component (primary dopant). These factors combine to result in
high charge mobility and a low band-gap for the polymer matrix, which is generally
also an ionic liquid. [109]

Relative to other conductors, the main advantage of these conductive polymers
is processability. As flexible materials, they can be used in applications with mechan-
ical stress, and can be readily applied as a solution. In general, solution processing
offers a cheaper alternative, since spin coating and inkjet or screen printing can be
done in ambient conditions [137]]. Fabricating thin films of metals or metal oxides
conventionally requires vacuum technology with methods such as CVD, sputtering
and vacuum evaporation. An emerging application of electroluminescent conduct-
ing polymers is in organic light-emitting diodes. However, commercially available
displays use mostly small-molecule emitters, because polymer-based displays cur-
rently have durability issues, even though they have potentially lower manufactur-
ing costs.

1.3.2 PEDOT:PSS polymer

Poly(3,4-ethylene dioxythiophene) (PEDOT) is the most used conducting polymer
in commercial terms, with antistatic coatings as its main application. As itself, it
has a poor solubility in water and a blue color. To counter the solubility problem
of PEDOT, a polyelectrolyte complex can be formed in the right conditions. The
polycation (+) PEDOT is mixed with a polyanion (-) to form a stable dispersion
[33]. Poly(styrene sulfonate) (PSS) is the most common choice for a counterion. PSS
is always used in excess and the PEDOT:PSS weight ratio in standard dispersions
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ranges from 1:2.5 to 1:20. Aqueous solutions of this material can be used to produce
tilms with good transparency in visible wavelengths. These are available as water-
based low viscosity inks that can be used in inkjet printers, and as ink pastes suitable
for screen printing.

The structure of a thin PEDOT:PSS film consists of PSS-rich regions laying par-
allel to the film, which results in a highly anisotropic electrical conductivity. In spin-
coated films less than 100 nm thick at room temperature, the conductivity parallel
to the film (10° S/cm) can be several hundred times higher than perpendicular to it
(2 x 10° S/cm, these low conductivity values are without secondary dopants). [100]

The non-stoichiometric doping with PSS can be considered as primary dop-
ing, but secondary dopants can be added to greatly enhance the conductivity of
PEDOT:PSS. Their inclusion is thought to alter the structure of the PEDOT network
rather than actually doping it, and added conductivity is retained even after their re-
moval. These include polyvalent alcohols, several organic solvents, surfactants and
salts. Dimethyl sulfoxide in particular can increase conductivity by a factor of 800.
With additives PEDOT:PSS can reach stable conductivities of hundreds of S/cm. [33]

In addition to secondary dopants, conductive nanostructures can be used to
enhance the conductivity of the polymer further. Adding graphene as flakes can
increase the conductivity of PEDOT:PSS. Alternatively the same can be done with
plain PEDOT by using sulfonated graphene flakes as the anion. The PEDOT:PSS/-
graphene composite can either be deposited directly, or via addition of EDOT mono-
mer and subsequent polymerization in situ [152]. In a similar fashion, MWCNTs can
be dispersed in PEDOT:PSS as a conductivity-enhancing component [153]. Single-
walled CNTs can be used similarly, but for these tubes carboxylic acid functionaliza-
tion is preferred to increase solubility and to decrease bundling [98]. PEDOT:PSS/-
graphene ink is commercially available from Innophene, and it has been used as a
transparent electrode material for piezoelectric touch sensors [139] and for stretch-
able electrodes [136].



Chapter 2

Optical properties

2.1 Absorption and reflectance

2.1.1 Graphene

Over the visible spectrum, freestanding graphene has a measured transmittance of
97.7 %. For graphene samples of a few layers, the absorbance can be estimated to
be directly proportional to the number of layers, since the reflectance of graphene is
very small (less than 0.1 % for a single layer). [88]

This result can also be derived by assuming that graphene has an optical sheet
conductivity of o = €?/(4h), and using the Fresnel equations at the thin-film limit,
resulting in an absorbance of ma ~ 2.3 %. Here « is the fine-structure constant. [17]]
As a result, the absorption spectrum of pure graphene does not have any peaks at
visible frequencies, but plasmons change the situation at higher energies (see Chap-
ter 9).

2.1.2 Carbon nanotubes

The optical absorption of single-walled CNTs is dominated by the E,,, transitions
that correspond to the energy differences between the van Hove singularities in the
density of states (DOS) of the SWCNTs. The singularities have a high number of
electronic states at a certain energy, corresponding to critical points of the Brillouin
zone as shown in Fig.

Initially the optical resonances were thought to result from band-to-band tran-
sitions. The band-to-band model, however, did not fit with experimental results in
the case of the ratio between energies Ey,/FE;;. The discrepancy was explained by
an excitonic model due to the one-dimensionality of the CNTs [141]. The excitons
are produced mainly due to the previously mentioned transitions between the van
Hove singularities. Further support for the excitonic model can be found in the pho-
toconductivity spectra of SWCNTs, which have a sideband corresponding to simul-
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FIGURE 2.1 a) Electronic energy band diagram for the (4,2) nanotube obtained by
zone-folding from the graphene layer calculation in Fig. b) Density of electronic
states for the band diagram shown in a). The (4,2) tube with a diameter of 0.4 nm is
close to the limit of the smallest possible SWCNT [160], and would need to be inside
another tube to be stable. Republished with permission of Elsevier from [28].

taneous excitation of the exciton and a C-C bond stretching phonon in addition to
the main excitonic resonance [111].

The excitons are strongly correlated electron-hole pairs, and their excitation is
dependent on the polarization of incoming light in relation to the nanotube axis.
SWCNTs therefore have more optical absorption when the polarization is parallel to
the tube axis, and similarly the relative intensities of the surface and bulk 7 plasmon
peaks at 4-6 eV (Section are polarization dependent [97]. Aligned carbon nan-
otube forests have a clearly anisotropic optical response in reflection, showing differ-
ences between s-polarized light (perpendicular to the tubes), which can be modelled
as a mixture of graphite and air, and p-polarized reflection, which has been difficult
to model. [84]

The E,, transition energies are determined by the chiralities of the CNTs, and
they can be plotted as a Kataura plot [70]. In different branches the periodic oscilla-
tions show the dependence of the transition energies on the (n,m) indices, overlap-
ping the general dependence on tube diameter.

Semiconducting SWCNTs exhibit photoluminescence, meaning that when ex-
cited at a higher state (e.g. E,, the superscript denotes a semiconducting tube here)
they can re-emit part of the energy as a photon corresponding to a lower energy
transition (e.g. 7). Due to a lack of a band gap, metallic SWCNTs do not have this
property. Using photoluminescence is the easiest way to identify semiconducting
single chiralities, in practise scanning excitation with a light source through optical
wavelengths and observing spectra at each step [154].
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FIGURE 2.2 Excitonic transition energies of SWCNTs as a function of tube diameter,
widely known as the Kataura plot. The plot is calculated with constant dielectric con-
stant € = 2.22, not taking into account environmental effects. It includes all tubes in the
diameter range 0.59 nm to 3.0 nm, in chiral indices from (7,1) to (31,4). The SWCNTs
are grouped metallic (black), type-I semiconducting (red) and type-II semiconducting
(blue). The exciton energies are plotted from EY| to E§; for semiconducting and E
to Eé‘g for metallic tubes. Data with permission from [104,/120].

2.1.3 Conductive polymers
General properties

Metallic properties in a material usually prevent optical transparency, since photons
with frequencies lower than the plasma frequency are reflected, and metallic ele-
ments have this frequency in the UV range. The plasma frequency w, depends on
the density of conduction electrons n,. as w, = \/47n.e2/m*, where e is the electron
charge and m* the effective mass of the electron in the solid. For metals n, ~ 10%
cm?, while for metallic polymers and some doped metal oxides n, ~ 3 x 10*! cm?.
This low density leads to a energy value of about 1 eV for the plasma frequency,
which allows visible transparency in this regard. However, interband transitions

lead to some optical absorption also in the visible range. [56]

Transparent electrodes made of such conductors have applications especially
in flat panel displays and photovoltaics. Currently doped metal oxides are the ma-
terials of choice for these applications, with indium tin oxide being the most widely
used one. These materials are brittle and relatively expensive, and for flexible dis-
plays or solar panels conducting polymers can be used. Currently the most promi-
nent application for transparent conducting polymers is in antistatic coatings [33].
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Optical anisotropy

In relation to experiments in Chapter 6| the concept of optical anisotropy is relevant,
and thus it and the means of its measurement are briefly reviewed here. Most mate-
rials are optically isotropig, i.e., their refractive index is the same in all directions of
propagation in the material. Optical anisotropy or birefringence can occur if a ma-
terial has an asymmetric (but regular) structure over macroscopic distances (much
longer than the wavelength of light). Crystals with asymmetric lattices are the most
common examples of this phenomenon, and polymers under stress can exhibit the
same behavior.

A common method for measuring the refractive index of a material is ellip-
sometry, which is based on the polarization change of light when it interacts with
the measured material. The signal depends both on the properties of the material as
well as its thickness. Ellipsometers using a laser with a single wavelength are pri-
marily used for measuring thickness. Measurements by spectroscopic ellipsometers
are done as a function of wavelength, and they can be used to calculate the dielectric
function of a material across the measurement range. [106]

Standard ellipsometry assumes an isotropic material, where s- and p-polarized
light are not converted to each other. However, if the sample is uniaxially anisotropic
and the optical axis is perpendicular to the surface, standard ellipsometry is still
sufficient. Generalized ellipsometry also accounts for arbitrarily anisotropic sam-
ples. [106]

Reflection anisotropy spectroscopy on the other hand can be considered as a
development of spectroscopic ellipsometry, but it uses linearly polarized light at a
nearly normal incidence. The reflectance difference between two orthogonal polar-
ization directions is measured, which yields information about the optical anisotropy
of the surface layer. Typically it has been used for studying the surfaces of metals,
semiconductor crystals or liquid crystals and their growth based on their optical
anisotropy. [145]

PEDOT:PSS

The optical absorption of the conductive polymer PEDOT:PSS is mainly contributed
by PEDOT, and it depends heavily on the oxidation state of this conductive compo-
nent. In the mostly oxidized form the absorption is higher in the red part of the
visible spectrum, giving the transparent polymer a bluish appearance as seen in
transmission spectra in Fig. In the partly neutralized form (that can be obtained
by inserting a negative voltage in the 1 V range) the polymer is in contrast strongly
absorbing in the visible region [33]. The anisotropy caused by the plate-like PSS-rich
regions in thin films extends to optical properties, and optical absorption is higher
in the film plane than perpendicular to the surface.
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FIGURE 2.3 Optical transmittance spectra measured from differently prepared
thin PEDOT:PSS polymer films. The film thicknesses for spray-coated samples are
1050£100 nm (A-4), 1020+50 nm (B-7) and 900+50 nm (C-4). The spin-coated sam-
ples have thicknesses of 29+1 nm (A-S1) and 3445 nm (B-S1). The samples are the
same as in article A.IIL

2.2 Raman transitions

In a molecular system, inelastic scattering of light can reveal vibrational and rota-
tional modes. In Raman scattering, an incoming photon interacts with the molecule,
putting it to a short-lived virtual energy state before the photon is scattered. As a
result, the scattered photon can be shifted in energy by an amount corresponding
to a low-energy excitation, while the molecule ends up in a different vibrational
or rotational state. Raman spectroscopy is based on measuring this shift, which at
low temperatures occurs at high probability to lower energies. This phenomenon is
called the Stokes shift. If the molecule wasn’t at the ground state, the shift can also
occur to a higher photon energy (anti-Stokes shift). Depending on the interactions of
the dipoles in the molecule, only some of the rotational and vibrational modes could
be Raman active, while some might be infrared active (visible in IR spectroscopy),
while some might be optically inactive.

In a quantum mechanical oscillator, there are a number of allowed states with
different potential energies. Fundamental transitions, moving only one level in en-
ergy, occur most commonly. An overtone, seen as separate bands in Raman spectra,
occurs when a vibrational mode is shifted in one process by two levels (first over-
tone), three (second overtone) and so on.

Elastic Rayleigh scattering with no shift accounts for most of the observed scat-
tered light, which needs to be filtered out in Raman measurements. For this practical
reason, Raman measurements need to be done with monochromatic light, and the
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choice of this frequency also affects the result. If the excitation energy is close to
an electronic transition in the sample material, Raman scattering can be greatly en-
hanced. This resonance Raman spectroscopy leads to shorter measurement times,
and the frequency of the excitation laser can also be used to select which compound
(or even part of a molecule) gives most of the Raman signal from a sample. [66]

2.2.1 Graphene

For allotropes of carbon Raman spectroscopy provides an easy way to evaluate the
quality of the material. Highly symmetric covalent bonds with a small or nonex-
istent natural dipole moment are the most suitable for Raman spectroscopy, and
carbon-carbon bonds are a great fit for these criteria. For a single crystalline dia-
mond sample the spectrum is very simple, as there is only a single Raman transition
visible for the sp3-bonds at an energy of 1332 cm™.

For graphitic carbon materials the G mode is a common feature, found at 1582
cm™ in graphite, originating from an optical phonon in sp?>-bonded carbon. The pla-
nar sp>-bonds have a higher energy and thus higher vibration frequency than sp*-
bonds, pushing the observed shift to a higher frequency [143]]. The G mode can be
seen clearly in all the materials in Fig. 2.4/ with some additional shift.

The amount of defects can be evaluated by the intensity of the D mode at 1345
cm™, which is due to the breathing modes of hexagonal carbon rings. This mode
requires a defect for its activation due to the need to conserve momentum for a
single phonon to excite it. The band is produced due to a double resonance, where
an electron-hole pair is created by the absorbed photon. The electron is scattered by
a phonon and then scattered back by a defect (or vice versa) and recombined with
the hole, emitting a photon with shifted frequency [134]. In such a double resonance
process the energy of the scattered phonon (and the Raman peak) is dependent on
the laser excitation energy [117]. The double resonance can also be produced as an
intravalley process, giving the less intense D’ peak at 1600 cm™ [40].

The 2D (sometimes denoted G’) peak at 2680 cm™ is the D-peak overtone, but
it does not require defects for activation, since the momentum conservation for this
mode is satisfied by two phonons with opposite wave vectors. Similarly, the 2D’
mode, being is an overtone for D’, is present even without defects. Being produced
by a double resonance, these peaks are also dispersive in regard to the excitation
energy.

The Raman spectrum of single layer graphene is dominated by the 2D peak as
seen in Figure 2.4{[29]. The 2D peak is roughly four times as intense as the G peak.
This splits into four components with a double layer, and eventually transforms to
two peaks in bulk graphite [39]. The D and D’ modes, being related to defects in the
carbon lattice, are forbidden in intact graphene due to the Raman selection rule [52],
but are visible in damaged graphene (Fig.[2.4). There can also be combination bands,
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FIGURE 2.4 Raman spectra of (from top to bottom) crystalline monolayer graphene,
highly oriented pyrolytic graphite, SWCNTs in bundles, damaged graphene and
amorphous carbon. Adapted by permission of the publisher (Taylor & Francis Ltd)
from [117]].

where two fundamental modes are excited simultaneously, such as the D+G peak
labeled in Fig.

2.2.2 Carbon nanotubes

The main additional feature seen in Raman spectra of CNTs are the radial breathing
mode (RBM) bands, which correspond to the expansion and contraction of the tubes.
Depending on the diameter of a single tube and their aggregation state, the RBM can
be seen in the range of 100 cm™ to 350 cm™! for tubes with diameter between 0.7 nm
and 2.5 nm [66]]. The shift is smaller with a thicker tube, and RBM signals of large
diameter SWCNTs are usually too weak to be observed [28].

RBM phonons are not visible in tubes with two or more walls, because the
outer tubes restrict the breathing mode. The D mode is much more prominent in
MWCNTs compared to SWCNTs due to the multilayer structure and a higher amount
of disorder. Thus, multi-walled CNTs are similar to damaged graphite in Raman
measurements.

In SWCNTs, the G band splits to G™ and G~ bands, and the latter differs in
lineshape, linewidth and energy depending on whether the tube is semiconducting
or metallic. Additionally, the split is larger in a thinner tube. [117]

2.2.3 Conductive polymers

As relatively complex organic compounds, the Raman spectra of conductive poly-
mers are generally much more complex than of carbon allotropes. For PEDOT, Ra-
man can be used in determining its properties, most notably its oxidation state by
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the relative height of Raman peaks [44]]. The stretching modes of C=C bonds at 1400
to 1500 cm! are the most prominent peaks, and they have been used to distinguish
between coiled and linear structures of the polymer. The linear conformation is gen-
erally more conductive, and can be achieved by secondary doping. [33].

2.3 Plasmons

2.3.1 Surface plasmon polaritons

In metals, the oscillation of free electrons has a large contribution to optical proper-
ties. These plasma oscillations are plasmons, and the charge density oscillates at the
fundamental plasma frequency. Photons arriving at a metal surface are reflected if
they have a lower frequency than this, because the charges screen the electric field
of the photon. In practice, the free electrons in the metal are oscillating at opposite
phase relative to the driving electric field [103]. Photons with higher energies are
transmitted, because the oscillations cannot keep up with the frequency of the in-
coming electromagnetic radiation. For conventional metals the plasma frequency is
in the ultraviolet (UV) range, making them reflective for visible light [56].

When a plasma oscillation is confined to a surface it is called a surface plasmon.
Unlike the previous bulk plasmon, in a surface plasmon the electron oscillation is
inseparably coupled to a photon. The photon is the electromagnetic oscillation out-
side the metal in connection to the electron oscillation. The resulting quasiparticle is
a surface plasmon polariton (SPP, Fig. 2.5). [121]
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FIGURE 2.5 Schematic of the charge distribution and the electric fields of a surface
plasmon polariton propagating in the x-direction on an interface between a metal (in-
dex m) and a dielectric (index d). The sketch shows on the left the magnetic field H,
electric field E and the wavelength of the SPP Agpp. On the right the penetration
depths § of the electric field are shown. The other symbols are the free-space photon
wavelength A and the refractive index of the dielectric n. [78,135,155]

Surface plasmon polaritons are strongly confined to the dielectric-metal inter-
face, so they can also occur in structures smaller than the wavelength of light used

to excite them. Two-dimensional electron gases can also support surface plasmons
as in the case of graphene (Subsection 2.3.3)). The behavior of a SPP can be evaluated
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by solving the Maxwell equations for an electromagnetic wave at a flat dielectric-
metal interface [155]. The solutions for SPPs are wavelike parallel to the plane and
the field amplitudes have exponential decay into both media from the interface.

A wavevector can be used to describe a wave, so that it points in the direc-
tion of its phase velocity. The magnitude of the wavevector is the wavenumber £,
the spatial angular frequency, describing the number of oscillations (in radians) per
unit of space. It relates to the wavelength A of the wave as k = 2F. In contrast, the
temporal angular frequency w = 3¢ = 27 f describes the oscillations in relation to
the time period T or inversely to the frequency f. The energy of a photon is directly
proportional to this as ¥ = hw, where £ is the reduced Planck constant.

From the solution for these waves on the interface the wavenumber of the SPP

as a function of w is
w €d€m
kspp = —,/ - (2.1)
c\ €+ €n

This is called the dispersion relation, and it depends on the permittivities of the
dielectric (¢;) and the metal (e,,). The permittivity measures how much resistance
a medium provides in response to an electric field. For the dielectric the function
€q is real and positive, but for the metal ¢, is complex and negative. The frequency
dependent permittivities need to have opposite signs for the SPP to be excited.

From Figure 2.6/ it can be seen that a free-space photon has always less mo-
mentum than the SPP, so SPPs can not be directly optically excited due to this mo-
mentum mismatch. This is due to the strong coupling between surface charges and
light, which demands that the SPP has increased momentum because the light field
has to also move the electrons on the surface. The SPP is bounded by the photon
line at low k and the surface plasma frequency w;, = \/:JT”ﬁ, where w, is the plasma
frequency of the metal, at high w. [103]
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FIGURE 2.6 The dispersion relation of a surface plasmon polariton on a metal sur-
face. The light line is plotted for vacuum. For excitation of a SPP using a prism
(Kretschmann or Otto configurations), a tilted light line is drawn where 7 is the re-
fractive index of the prism. This line intersects the SPP dispersion curve at resonant w
and k,, resulting in SPP excitation. [103,155]

The propagation length of the SPP L,,, is also dependent on the imaginary
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parts of the dielectric functions, as given by

1

_ ¢ IRe(en) [ ([Re(er)| — o)
2Im(kspp) w .

3
e;Im(epn)

Lspp = (2.2)

Over this length the electric field of the SPP is damped by 1/e, and the distance at
633 nm wavelength is for silver approximately 60 pm and for gold 10 pm. Due to
this, SPPs are not suitable for signal transfer for distances any larger than what can
tit in a microchip. [103]

The wavelength of a SPP depends on the dielectric functions of the metal and

dielectric:
27 Re(€en) + €q
Aspp = =————— R [ ——F— 2.3
P77 Re(kspp) || Re(em)ed (2:3)

where ) is the wavelength of light used for excitation.

2.3.2 Excitation of surface plasmons

SPPs can only be excited when the momentum (directly proportional to wavenum-
ber k) of the incoming photon matches the momentum of the plasmon at the same
energy. On a flat metal interface they cannot be excited by incoming far-field light,
because the wavevector k, of the plasmon is always larger than that of light in free
space. The reason for the increased momentum is the strong coupling between light
and surface charges.

The missing momentum can be provided with surface roughness or a grat-
ing, additionally the light cone can cross the SPP dispersion curve with evanescent
waves, resulting in the excitation of the SPP. The SPP can be converted to far-field
light by a scattering center on the metal, and similarly a SPP can be generated (inef-
ticiently) simply through any impurity or uneven surface feature that would scatter
the SPP.

In addition to scattering, the energy of a SPP can be expended in exciting a
molecule directly like far-field light does. This weak coupling can be used e.g. to
image plasmons by the fluorescence of molecules or to enhance fluorescence with
plasmons [78]]. Similarly as with a molecule, coupling also occurs between metal
structures in close contact [75]. SERS relies on these coupling effects with molecules,
enhancing the Raman cross-section by a factor of 10° if the molecule is next to a
roughened metal surface. [129]

If this molecular excitation by SPP does not relax by fluorescence, but instead
couples immediately back to the plasmon, the coupling is said to be strong. This
leads to SPP-molecule hybrid modes or polaritons between molecular excitations
and surface plasmons [51]. The polariton states (P- and P+) manifest themselves in
the plasmon dispersion as a Rabi split, that can be several hundred meV in magni-
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tude. The energy of the coupled mode oscillates virtually between the molecule and
the plasmon, known as Rabi oscillations [135].

The metals most suitable for exciting a surface plasmon resonance have a small
real part of the refractive index n and a large imaginary part (extinction coefficient)
k. For real and imaginary parts of the dielectric function, these values are the op-
posite (relatively high but negative Re(¢,,) and low Im(e,,)). In these cases the reso-
nance dip in terms of angle and wavelength is the most localized. [79]

Localized surface plasmon resonance

In a nanoscale metal particle, the oscillation of free electrons can encompass the
whole particle instead of just the surface. This back-and-forth oscillation produces
SPP modes that can be directly excited by optical means. These modes are resonant
in nature and are visible as optical absorption without dispersion. This localized sur-
face plasmon resonance (LSPR) depends on the size, shape and dielectric function of
the particle. Non-spherical metal particles can thus have several possible resonances
in the same particle, as the oscillation can happen in different directions. [[103]

Kretschmann configuration

To couple the momenta and energy of far-field photons and surface plasmons a
total internal reflection (TIR) setup can be used. When a photon comes from a high
refractive index material to a low index material at a high enough angle relative
to the interface normal, the photon does not pass the interface and is reflected. An
evanescent wave is also produced at the interface (frustrated TIR), which can couple
to a metal surface at certain combinations of incoming angle and photon energy.
In the Otto configuration (Fig. [2.7¢), this is done with a gap of low-index material
(usually air) which is situated between the prism and metal.

In the Kretschmann configuration (Fig. 2.7a) a thin layer of metal is situated
on the high-index material, and a the evanescent wave penetrates through the metal
to produce a SPP on the far interface of the metal [103]]. In this case, the surface
plasmon resonance can be observed by measuring the spectrum of light reflected
from the interface, which will show angle-dependent dips corresponding to the res-
onance. Corresponding emission can be seen on the other side, which is caused by
the scattering of SPPs from defects on the metal surface.

When trying to measure SPPs with the Kretschmann configuration, it is rel-
evant to also consider other signals present in the measurement. The evanescent
wave also interacts with materials present on the TIR interface, and this can be used
to get useful absorption spectra of a very small amount of material (less than 100
nm from the interface). TIR absorption measurements as such do not necessarily
involve any plasmons, unless enhancement by them is needed. [9]
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(a) (b) (©)

L IO, e

(d) (e) ®

FIGURE 2.7 Excitation methods for surface plasmon polaritons. Methods shown are
the Kretschmann geometry in a) one layer and b) two layers, c¢) Otto geometry, d)
excitation with sharpened optical fiber (SNOM), e) diffraction with a grating and f)
scattering on surface features. Republished with permission of Elsevier, from [155].

Grating coupler

SPPs can also be excited by using a grating coupler (Fig.[2.7¢). In this approach the
periodic metal structure (grooves or ridges) redirects the momentum of the photon
along the surface. The situation is similar to a transmissive diffraction grating, but
in this case a reflective grating directs one diffractive order of the beam along the
metal surface. [113]

In such a grating SPPs are excited when the wave vector component k, of the
incident light (k = ¢) along the surface matches the wave vector of the SPP:

2
ky = 2sin® £ n" = kgpp, (2.4)
c a
where O is the angle of incidence, n is an integer (order) and a is the distance be-

tween successive grooves. [113]

Scanning near-field optical microscopy

A crucial tool for imaging SPPs on a metal-dielectric interface is the scanning near-
field optical microscope (SNOM), which uses evanescent waves to examine optical
properties below the far-field resolution limit. To achieve this, an aperture smaller
than the wavelength of light as shown in Fig. is used, through which only
an evanescent wave can pass. Alternatively a nanoscale scattering center, usually
a sharp metal tip, can be used to enhance the optical signal in the vicinity of the tip
or to image SPPs on a metal surface. Such tips suitable for near-field imaging are
scanned across a surface similarly as in atomic force microscopy (AFM). This en-
ables optical imaging at a resolution of tens of nanometers in the surface plane with
a simultaneous measurement of topography. Here, the principles of SNOM opera-
tion are detailed as a background to experiments in Section 4.2}
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In scanning probe microscopy (SPM), the probe is typically controlled elec-
trically with piezoelectric elements, scanning the tip line by line in a xy-plane and
controlling the z-axis height based on the interactions of the tip with the surface.
Scanning can be done in contact mode, in which the tip deflection results directly
from contact to the sample, which is often damaging to the sample or the tip. In dy-
namic contact mode (also called tapping mode or intermittent contact mode) the tip
is tapped back and forth on the sample, usually perpendicular to the surface. Con-
tact forces cause the amplitude of this vibration to change, which is measured. The
forced vibration of the tip can also be done parallel to the surface, which is referred
to as shear force mode.

Equivalently, the tip can be stationary while the sample is moved. As the piezos
have a range in the scale of tens of micrometers, larger movements are usually done
either with electric motors or by using the piezos in the stick-and-slip method with
repetitive pulses.

Detecting topography in a SNOM is achieved similarly as in an atomic force
microscope, usually relying on one of two schemes. The deflection of the tip can be
detected with a laser beam reflected off the tip, which is then measured by a set of
photodiodes. The signal due to deflection is fed to a feedback loop to control the
height of the probe. This method is used by most dedicated AFMs.

In a SNOM setup, such a laser might interfere with the optical measurement.
To avoid this, a piezoelectric signal can be used to measure the probe-sample inter-
action. A tuning fork attached to the probe is needed for this, and it is electrically
driven close to its resonance frequency. The frequency of the fork oscillation changes
if the probe is in contact with the surface, and a piezoelectric signal is generated due
to mechanical stress [116].

In this way, both the driving signal for the vibration and the detection are done
with the same electrodes. The deviation in phase between the excitation and the
detection in particular indicates the frequency shift, and it is measured with a lock-
in amplifier and used in a feedback loop controlling the z-axis height. Additionally
the amplitude of the tuning fork vibration is measured for a second feedback loop,
controlling the driving signal to keep the amplitude of the mechanical vibration
constant. [116]

To achieve an optical signal below the diffraction limit in SNOM, a subwave-
length aperture or a nanoscale scattering center is needed. These can be provided
by either apertured tips or apertureless sharp tips. Additionally frustrated total in-
ternal reflection can be used to excite near-field modes to be collected with a coated
or uncoated fiber as seen in Fig. 2.8, also known as scanning tunneling optical mi-
croscopy [114].

In addition to imaging, spectroscopy can be done with SNOM systems, includ-
ing Raman and fluorescence spectroscopy with laser excitation. Apertured collec-
tion or excitation typically has long collection times, but apertureless spectroscopy
can have increased spatial resolution from the tip without sacrificing intensity. This
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allowed

FIGURE 2.8 Different types of scanning near-field optical microscopy. a) Apertured
SNOM with excitation through the probe with different far-field detection modes. Col-
lection can also be done through the fiber probe, if the sample either emits light or is
illuminated in the far-field. b) Apertureless SNOM, which is based on the probe acting
as a scattering center. c) Scanning tunneling optical microscope based on total inter-
nal reflection, where the tip acts as a collection device. Reprinted from [55], with the
permission of AIP Publishing.

is done for example in tip-enhanced Raman spectroscopy by using a sharp SNOM
metal probe and laser excitation focused by a confocal microscope [10].

SNOM operation can be done with apertureless tips in scattering mode, as in
Figure , where both the excitation and collection of light are done in far-field. In
this mode the tip acts as a scattering center, and it can be an optical fiber completely
coated with metal or a silicon cantilevered probe depending on the system [55].

Apertured probes, like the one visible in Figure 2.9, are metal-coated except
for an opening at the tip. In this mode the fiber can be used for direct excitation of
the sample with an evanescent wave, if the illumination is done through the fiber, or
collection of light to a detector. The optical fiber tips are sharpened either by etching
or pulling [114] and apertures can be made with etching or ion milling.

The size of the aperture in practice determines the optical resolution. The num-
ber of allowed electromagnetic (EM) modes decreases as the dimensions of the aper-
ture gets smaller, and its diameter needs to be less than third of the excitation wave-
length if only an evanescent wave is desired at the tip (Fig.[2.9p). Additionally, the
sample distance has to be less than the aperture diameter for subwavelength imag-
ing to be possible.

There is a significant tradeoff between the resolution provided by an aper-
tured SNOM tip and the intensity of light transmitted through it, as the transmission
scales as a* when « is the aperture diameter. Due to this, a 50 nm aperture is gener-
ally the smallest useful probe opening. The detected optical signal can be increased
with higher laser input power, but the damage threshold of the metal coating limits
this to about 15 mW. [55]
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FIGURE 2.9 a) Helium ion microscope image of a SNOM tip. The optical fiber has
been sharpened by pulling, coated with 10 nm Cr and 200 nm Au layers and chemi-
cally etched to produce a 100 nm aperture. The fiber has been glued to a quartz tuning
fork, the end of which is visible on the lower left. Image by the author. b) Schematic
for the propagation of optical modes in an aluminum-coated glass optical fiber. The
vacuum wavelength of the light is 488 nm. For this wavelength, diameters smaller
than 250 nm can only contain the smallest waveguide mode HE;;, and at diameters
less than 180 nm the field is in evanescent decay and will not continue to propagate
in the far field without further interaction. Part b) reprinted from through [103],
with the permission of AIP Publishing.

2.3.3 Plasmons in carbon nanostructures

In contrast to plasmons in metals, which have frequencies generally in the visible
or near-ultraviolet range, the plasmons supported by graphene lie in the infrared
(IR) and terahertz ranges [7]. These optically excitable excitations can be adjusted
with the size of the structure and unlike in metals, by an external electric field and
by doping. The losses of plasmons in graphene are also lower than in metals. These
features make graphene an interesting material for plasmonics, and also in relation
to strong coupling, because the coupling can be adjusted by an external voltage [36].

IR plasmons in graphene can also be imaged with scattering-type SNOM. The
plasmons have an energy corresponding to a 10 nym wavelength far-field photon,
but in graphene on SiO, the plasmon wavelength is at the scale of 200 nm, one of
the shortest imaged for any material [38].

Localized plasmons in graphene can be found in nanoscale structures, such as
ribbons and disks, which can also be stacked [148]. The energies of plasmons
in such structures are lower for larger structures, and strong coupling can also be
seen when measured with Fourier transform infrared spectroscopy (FTIR), as in Fig.
2.10a. As the energies of the plasmons are low (around 100 meV), suitable transitions
are found in vibrational states, not electronic transitions as with metals. In this case
the phonons of the substrate hybridize with the plasmon, which can be observed as

a Rabi split [162].
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FIGURE 2.10 a) Reflectance spectra of graphene nanodiscs of different radii » made
with nanosphere lithography on Si/SiOs. The plasmon modes, seen as reflectance
peaks, are hybridized with substrate phonons, and split branches are highlighted with
arrows. The reference Ry was measured from a bare substrate. Spectra vertically dis-
placed. Reprinted with permission from [162]. Copyright 2014 American Chemical
Society. b) FTIR microscope reflectance spectra of a non-milled graphene sheet on Si
substrate with 300 nm SiO,. Gate voltage was applied to graphene relative to the Si
substrate, and reflectance is modulated especially at high energy. The reference is a
measurement of graphene without applied gate voltage. The most prominent peaks,
in addition to random noise, are related to CO, (2350 cm™) and H,O (around 3700
cm™!) as the measurement was done in ambient conditions.

Using an external electric field (gate voltage) changes the charge carrier con-
centration, and shifts the energies and intensities of the plasmons [36]. It should
also be noted that in addition to plasmons, the IR reflectivity of an intact sheet of
graphene can be changed with gate voltage as can be seen in Fig. 2.10p. This is
caused by the shift in the Fermi level Er due to gating, which affects interband tran-
sitions [142]. Plasmons in graphene are also affected by very high magnetic fields,
as the plasmons in disk arrays can be split into bulk and edge modes with applied
fields of several teslas [149].

In electron energy loss spectroscopy (EELS) plasmons can be measured by di-
rect excitation of electrons. EELS works by exposing a sample to a beam of electrons
with a narrow range of energies, and measuring the amount of energy loss due to
inelastic scattering. Direct electron excitation can probe bulk plasmons, that can not
be optically excited, among other inelastic interactions.

For SWCNTs, EELS measurements show a m-plasmon between 5 and 10 eV,
dependent on angle of excitation, and a 7 + ¢ plasmon at 25 eV [74]. There has
been relatively little research about optically active plasmonic excitations in car-
bon nanotubes, and previous research has concentrated mostly on theoretical work
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and studies of single CNTs combined with plasmonic nanoparticles. There have
however recently been some reports of localized plasmon resonance in both SWC-
NTs [125] and MWCNTs [96]]. CNT films are also known to support surface plas-
mons in the terahertz range [144], which is attributed to a mode parallel to the tube
axis. This localized surface plasmon mode has an energy depending on tube length,
and it is visible in both metallic and doped semiconducting SWCNTs [158].

There have also been theoretical studies of an another plasmon mode in highly
doped tubes, equivalent to those in graphene ribbons when the tube diameter is suf-
ficiently large [1]. Unlike the THz surface plasmon resonance parallel to the bundle,
this mode is transverse to it. These intraband plasmons could occur on infrared
and visible wavelengths [119]. There have been some experimental studies support-
ing this with electrochemically doped tubes, but attributing this specifically to a
localized surface plasmon resonance in bundles [61]. More generally, the optical ab-
sorption of chirality-controlled SWCNTs can indeed be adjusted by electrochemical
doping [150].

Additionally, scattering-type SNOM has been used to image plasmons in sin-
gle and bundled metallic SWCNTs. These Luttinger-liquid plasmons are excited in
one-dimensional Dirac electrons of the SWCNTs, and behave differently from clas-
sical plasmons. [124]

Conductive polymers

For surface plasmon polaritons to occur, a negative real permittivity is needed that
is generally provided by the high carrier mobility in a metallic material. However,
semiconducting materials can support surface plasmons in IR if they are doped or
in resonance. Metal oxide semiconductors, silicon carbide and semiconductors with
elements of groups III-V (e.g. GaAs, GaP, GaN) have been considered for plasmonics
in the near-infrared when heavily doped. [146]

Even though conductive polymers can have similar carrier mobilities, studies
about SPPs in them are close to nonexistent. There is one example of anomalous
transmission in a sub-wavelength aperture array in a conductive polymer, which is
claimed to be due to a SPP resonance at about 0.2 THz [90]. In conductive polymers
with a moderate conduction electron density, any possible plasmonic excitations
are necessarily limited to IR or terahertz energy ranges due to the low plasmon
frequency [146].
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Chapter 3

Synthesis

3.1 Graphene

Generally single layers of crystals are very difficult to produce as such. Because crys-
tal growth requires relatively high temperatures, 1D and 2D objects in macroscopic
scale cannot be reliably grown due to thermal fluctuations, and 3D structures with
higher stability are produced instead. Producing 2D crystals is still possible, but it
has to be done either by cleaving an existing crystal or growing an additional layer
on a suitable crystal substrate. [45]

The first approach can be applied to graphene by cleaving graphite crystals.
The "scotch-tape method" can be used to produce high quality graphene flakes up
to a square millimeter by repeatedly dividing graphite using the glue on the tape.
As this method is slow, expensive and difficult to control, it is only used for basic re-
search. The same approach can be done on an industrial scale by using an ultrasonic
processor to disperse submicrometer flakes from graphite to a suspension. This ap-
proach can be aided by using chemically intercalated graphite, and surfactants can
be used to keep the flakes suspended. [45]

The second method of additive synthesis is used for producing graphene lay-
ers on a larger scale on suitable substrates. Chemical vapor deposition (CVD) can be
used to create layers at a high temperature with hydrocarbons as the carbon source.
Copper is the most common growing substrate, producing a single layer with high-
est reliability. Nickel has also been used as a substrate. A typical process on Cu
foil has a hydrogen gas pretreatment, and for graphene growth a pressure of 500
mTorr (67 Pa) in the CVD chamber with 35 sccm methane flow and a temperature of
1000 °C [81]. As an additional method, a silicon carbide surface can be annealed at
1000-1500 °C in either vacuum or noble gas, decomposing SiC and leaving behind
graphene layers on the surface. [25]

Graphene can be modified with different functional groups to change its sur-
face chemistry and electrical properties. For applications in electronic devices, mod-
ification of the band gap in graphene is essential. For example, hydrogenization
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results in graphane, which behaves as an insulator [46]. Oxidation can be done with
chemical or thermal methods, producing a 2D material with a bandgap that can be
controlled with the level of oxidation [30]]. Photocatalytic reduction of graphene ox-
ide can also be done in the presence of oxygen with ultraviolet light, enabling direct
patterning, and higher resolution can be achieved by using two-photon oxidation
with a high-power visible laser spot [5].

3.2 Carbon nanotubes

Production methods of carbon nanotubes can be divided into physical and chemi-
cal methods. In physical synthesis, high-energy methods are used to release carbon
atoms from a carbon feedstock. The first of these to be discovered was arc discharge
synthesis, which initially grew MWCNTs on a graphite anode in argon [62], and it
involves temperatures of above 1700 °C produced by the electrical discharge. Laser
ablation relies on a similar process, where a graphite target is heated with a pulsed
laser in an inert gas, and the vaporized carbon condenses on cooler surfaces of the
reactor.

In contrast, the chemical methods rely on the catalytic decomposition of molec-
ular precursors [94]. Carbon fibers have been grown on metal catalysts for more
than a century, and these methods are based on this [95]. Generally the catalysts are
transition metal nanoparticles, on which the tubes grow. Chemical methods can be
further divided into aerosol synthesis, where the metal particles are formed during
synthesis and the entire process takes place in the gas phase, and catalytic chemical
vapor deposition (CVD).

In catalytic CVD, the catalyst particles are pre-made and supported on a sur-
face. Currently this is the most common method for SWCNT growth, because it is
technically simpler than the alternatives, and there are a large number of parame-
ters that can be used to control the growth process. Typical metals used for catalysis
are iron, nickel and cobalt, and the particle can either be pinned on the surface (root
growth) or be lifted (tip growth). In either case, there are typically catalyst impuri-
ties stuck on the produced tube. The carbon precursor is often a small hydrocarbon.
Carbon monoxide can also be used, like in the high-pressure CO method. Typical
temperatures for chemical synthesis methods are between 500 °C and 850 °C. [133]]

Like graphene, CNTs can be chemically functionalized, in addition to adsorp-
tion-based non-covalent modification. The highest reactivity in the tubes is found
in defect sites or on the end caps due to curvature and associated higher strain.
Starting from these sites, oxidation with acids is often the first step in modification.
A wide variation of different functional groups or other additions have been real-
ized, from carboxylic acids and amines to cycloaddition and metal nanoparticles.
The inner space of a CNT can also be filled to achieve linear arrays of substances,
e.g. fullerenes, organic dyes, polymers or inorganic salts. [69]
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In addition to using synthesis methods that favor certain chiralities, SWCNTs
can be sorted after synthesis. These methods are done in suspension and include se-
lective covalent sidewall functionalization, wrapping with non-covalent surfactants,
interaction with solvents, electrophoretic separation and selective destruction.

One of the most successful methods for chirality sorting has been density gra-
dient ultracentrifugation (DGU), which uses a mix of surfactants in aqueous solu-
tion. The surfactants are non-covalently wrapped around the SWCNTs, and they
have different affinities to different chiralities [59]. As the surfactants have differ-
ent densities, centrifugation results in different layers as seen in Figure where
single tubes are sorted by diameter and chirality. Electronic properties also affect
the interaction between the tube and surfactant, with semiconducting tubes having
generally a higher affinity to surfactants [151]]. Usually the surfactants are long hy-
drocarbons with a non-polar end (often with an aromatic ring) attached to the tube
and a polar end away from the tube in the polar solvent. Common ones are sodium
dodecyl sulfate, sodium dodecyl benzenesulfate, sodium cholate (SC) and sodium
deoxycholate (DOC). Single-strand DNA has also been used as as a surfactant for
chirality control in DGU [4]. An initial density gradient is needed for DGU, e.g. by
layering aqueous dilutions of iodixanol in the centrifugation tube. Additionally, it
is also possible to separate left- and righthanded SWCNT enantiomers using DGU
when using chiral surfactants such as SC [86].
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FIGURE 3.1 A centrifuge tube with SWCNTs encapsulated with sodium cholate in
water following density gradient ultracentrifugation is displayed on the left. On the
right, absorption spectra corresponding to different layers extracted from the tube are
shown, and the illustration on the right refers to separation by diameter (and bundling
status) of SWCNTs to different layers. Reprinted by permission from Macmillan Pub-
lishers Ltd: Nature Nanotechnology [59]], copyright 2008.
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Instead of ultracentrifugation, the same surfactants can be used to separate
SWCNTs with chromatography. In this method, a solution with particles is loaded
to a column filled with a dextran-based adsorbent gel, and is eluted through this gel
bed. Based on the size of the particle, they travel through the gel at different speeds,
enabling this size-exclusion chromatography. Large particles pass through quickly
since they cannot enter the pores in the gel, while small ones are more likely to be
adsorbed and trapped in the pores.

When this method is applied to separating SWCNTs, a mixture of surfactants
with different affinities based on diameter (DOC) and chiral angle (SC) can be used.
Based on differing amounts of these surfactants, interactions between the wrapped
tubes and the gel are based on the properties of the tubes. Rather than large parti-
cle size, a higher affinity for adsorption to the gel slows down certain tubes. Chro-
matography can also be done by repeatedly processing the same sample with differ-
ent surfactant mixtures and material with fast or slow elution, enabling the selection
of precise single chirality SWCNTs of over 90 % purity in milligram quantities. [151]

3.3 Conductive polymers

The fabrication of conductive polymers is generally done by chemical polymeriza-
tion from monomers. In the case of PEDOT the monomer is 3,4-ethylene dioxythio-
phene. There are several chemical pathways to synthesizing the monomer, e.g. syn-
thesis from oxalic acid ester and thio-diacetic acid ester or a transesterification pro-
cess [33]. The dopant PSS is prepared by the sulfonation of polystyrene. Polymerized
PEDOT is insoluble, so a dispersion of PEDOT:PSS can be prepared by oxidative
polymerization of the monomer in the presence of PSS in water [85]. This disper-
sion can be applied as a thin film by e.g. spin- or spray-coating and baked to remove
water and any other solvents. Polymerization can also be done in situ after film
application. [33]
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Chapter 4

Surface plasmon gating of carbon
nanotubes

The electrical conductivity of a carbon nanotube is usually modulated by means of
an applied electric field, which in practise means that a gate voltage is applied to a
nearby terminal that is insulated from the channel. For CNTs modulation can also
be done with optical excitation and by controlling the chemical environment of the
tube. Using surface plasmon polaritons to control the conductivity of a CNT has a
similar principle than excitation with far-field light, but it had not been previously
demonstrated before the research described in this chapter. These results are also
published in article A.L

To understand better the effects of near-field optical excitation to the electri-
cal transport properties of carbon nanotubes , CNT FETs of a different design were
also excited locally using a SNOM tip. This provided a way to probe the location
of spots sensitive to optical excitation at a subwavelength scale. These previously
unpublished experiments are reported in Section [4.2]

4.1 Gating with SPPs

The approach used for the Kretschmann configuration utilized a CNT field effect
transistor with a silver back gate. The CNT was insulated from it with a thin poly-
mer film, and the SPPs were excited on the metal-polymer interface using a total in-
ternal reflection configuration. Palladium was used for electrode contacts because it
is resistant to oxidation, it wets the CNT surface well relative to other metals and its
high work function results in a relatively low Schottky barrier (Fermi level aligned
with the CNT), delivering more current in the on-state [64].

55
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4.1.1 Sample fabrication

The substrate used for the experiments was a 1 cm? glass slide which was cleaned
with oxygen plasma in a reactive ion etcher (RIE). The metal needed for supporting
the SPPs was a 63 nm thick and 1 mm wide silver strip, which was deposited with
electron beam evaporation using a mechanical mask. To ensure SPP propagation
with low losses, a smooth silver film is needed. This can be achieved either by hav-
ing very small crystallites produced at a very low evaporation rate (0.05 nm/s) [128]
or alternatively large smooth grains with very fast evaporation. When evaporating
reactive metals (e.g. Ti and Cr) at fast rates (before the sample is exposed), residual
gases in the chamber can be reacted with and the vacuum improved. For Ag the
residual gases are a problem, as they can stop grain growth, and fast evaporation
also limits exposure to the gases [91]. For these experiments, a high rate was used
(12 nm/s), and the resulting large grain size in relation to films with slow evapora-
tion was confirmed with AFM.

As a dielectric layer and for protecting the silver strip a 50 nm thick layer of
the SU-8 negative photoresist (Microchem) was spin-coated immediately after Ag
evaporation. The resist was then prebaked (95 °C), exposed with UV light, post-
baked and developed in acetone. The layer is unusually thin for SU-8, and for this
the SU-8 2025 resist had to be diluted at 1 part in 23 parts of cyclopentanone. A
small part of the Ag strip (Fig. [4.1a) was left unexposed to leave space for the gate
electrical connection.

FIGURE 4.1 a) Optical microscope image of the CNT FET structure. Electrical mea-
surements and the AFM image shown in this Chapter are from the device attached to
the electrodes marked with blue circles. b) Measurement in progress, the sample was
illuminated from the back from the back through a hemicylindrical prism using a 633
nm HeNe laser.

Ultraviolet photolithography was used to produce large palladium electrodes
with bonding pads outside the silver strip. A positive photoresist, AZ1514H, was
spin-coated and baked. The large-scale electrode design was exposed through a
photomask with chromium on glass, which was prepared in advance with electron
beam lithography (EBL) and wet etching. After development, a protective 36 nm
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thick Al,O3 film was evaporated with an e-beam evaporator on the exposed SU-8
surface. To ensure a continuous film, the evaporation was done at an angle while ro-
tating the sample. A 25 nm Pd layer was evaporated in the same vacuum after this
perpendicularly. These electrodes were 20 pm wide, extending nearly 5 mm across
from from contact pads on glass to on top of the silver strip as seen in Fig. 4.Th.

For transistor operation, oxides like SiO, or HfO; would be more suitable as
the dielectric layer, but the processes used for those (CVD or atomic layer depo-
sition) are often not compatible with silver, causing it to oxidize. SU-8 was used
primarily due to this, and also because applying it with spin coating produces a
very flat surface. Flatness is preferable for further processing, in particular for imag-
ing deposited SWCNTs with AFM as seen in Fig. As a downside, the durability
of a layer as thin as 50 nm of SU-8 is poor. Mechanically, this layer often stripped
off with later lithography processing, and electrically the gate voltage had to be re-
stricted below 0.5 V due to electrical breakthrough of the polymer layer at higher
voltages. The Al,Os layer below the first Pd pattern was added to mitigate the gate
leakage.

Subsequently, smaller electrodes and alignment marks were produced with
EBL. A dual layer of P(IMMA-MAA) EL11 (500 nm) and 950 PMMA A2 (70 nm)
resists were spin-coated, baked and the pattern was exposed with a Raith eLine 50
EBL system. 70 nm of palladium was evaporated after development to produce the
structure, contacting the previous Pd layer.

The SWCNTs, synthesized with CVD, were purchased from Nanocyl S.A. (Nano-
cyl 1100). The powder was suspended to (1,2)-dichloroethane by ultrasonication
prior to the deposition, with the suspension having a SWCNT concentration of
1/300000 by mass. The suspension was spin-coated on the sample surface on top
of the SU-8 film, resulting in single tubes and bundles well separated from each
other. It is also possible to spread SWCNTs with surfactants from a water solution,
which produces separated single tubes with a higher reliability. However, the sur-
factants can alter the electrical properties of the transistors, if their removal is not
complete.

The positions of the SWCNTs were imaged with AFM inside the central align-
ment marker grid. Using the markers as reference points, the final electrode struc-
ture was designed based on the images. EBL was used similarly as before to produce
84 nm thick palladium electrodes extending from the previous Pd layer to the indi-
vidual CNTs. These are visible as the smallest electrodes in among the alignment
grid structures in Fig.#.Ta. An AFM image of a single device is seen in Fig.

Locating the SWCNTs with AFM is slow, and in our case there needed to be
25 of 10 pm by 10 pm images to cover the marker grid, taking 5-10 minutes each.
Recently, an alternative method has been developed for making the CNTs visible in
dark-field optical microscopy, speeding up the imaging process. This method relies

on the crystallization of an aromatic organic acid seeded by graphitic carbon. [156]
The final glass square with the CNT FET (Fig. was attached with index-
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FIGURE 4.2 Schematic of a carbon nanotube field effect transistor that can be gated
with surface plasmon polaritons. The excitation is done through the glass substrate
and the SPPs travel on the interface between the silver layer and the SU-8 dielectric.
The edges of the AFM image are 2.5 nm, the CNT channel is 1 um long and the height
of the palladium electrode is 84 nm. Adapted with permission from article A.I.

matching oil on to a glass microscope slide, which had copper contact pads epoxied
on. These pads were connected with aluminum wire by ultrasonic bonding to the
palladium electrode pads and the silver back gate on the sample (Fig. [.1p). This
stage was attached to the hemicylindrical glass prism on the Kretschmann configu-
ration with the same index-matching oil.

4.1.2 SPP excitation

Using the Kretschmann configuration as seen in Fig. SPPs were excited on the
interface between the silver strip and the SU-8. The CNT was at a distance of 50
nm from this layer. White light excitation was done using a 220 W tungsten-halogen
lamp. The beam was collimated with two slits, and a polarizer was used to control
the SPP excitation. The total power density when using white light was measured to
be 7 mW /cm?, of which about 40 % are visible in the spectrum in Fig. 4.4/due to the
limited sensitivity of the silicon-based photodetector in the IR range. The excitation
angle was used to tune the energy of the excited SPPs. When measuring with white
light, reflection spectra were used to measure the SPP resonance, seen as dips in
reflection in Fig.

Alternatively, a higher intensity could be achieved by using a 10 mW HeNe-
laser at 633 nm. On the prism, the incident power density was 700 mW /cm?, which
was estimated to produce a 110 mW /cm? power density as SPPs on the silver sur-
face. With the laser, the correct angle for SPP excitation (62°) was found by using
emission from scattered SPPs.
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FIGURE 4.3 The measurement setup. The SPPs are excited on the silver film in the
Kretschmann configuration while the electric response of the CNT FET is measured.
The p-polarized light is parallel to the plane of incidence (defined by the incoming and
reflected beams), and the s-polarization is perpendicular to it. The refractive index of
the prism is n = 1.52, resulting in a TIR angle of o ~ 41°. Adapted with permission
from article A.L
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FIGURE 4.4 Optical spectrum of the tungsten-halogen lamp used for white light ex-
citation. Reflection dips are plotted that result from SPP resonance on the silver strip
of the sample. The excitation angle (from sample normal) of 55.5° corresponds to far
the field wavelength 720 nm (energy 1.72 eV), 62° to 633 nm (1.96 eV) and 79.5° to 532
nm (2.33 eV). The shaded area above the dip represents the approximate intensity of
the excited SPPs.
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4.1.3 Results

The CNT FETs with Pd electrodes had a p-type response with the channel being
open at negative gate voltage. In a CNT FET with a channel length of 1 pm (Fig.
[.2), effects of the SPP excitation on the electrical properties were evident. There is a
clear shift in the effective gate voltage (equivalent to -0.4 V) as seen in Fig. Only
the polarization of the incident laser was changed between these measurements.

100 (a) SPPs off (b) 1.96 eV SPPs on
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FIGURE 4.5 The drain-source current of the CNT FET as a function of the gate voltage
Vy and the drain-source voltage V. A 633 nm laser is incident on the sample in both
measurements. In a) the SPPs are switched off, s-polarized light is used. In b) the SPPs
are switched on with p-polarized light. Adapted with permission from article A.IL

SPP excitation was controlled with the polarization of incoming light. 633 nm
laser exposure at s-polarization does not excite SPPs, and this does not have a mea-
surable effect on the electrical response of the CNT FET, as seen in Fig. The
current in the channel decreases relatively slowly when the SPP excitation is turned
on, as also visible in Fig. and it recovers at a slightly slower rate. Exponential
functions for time dependence are used in the figure, and they give a channel current
of [§¢* = 14.93+0.12 nA as a low point for extended excitation and I§* = 44.06+0.06
nA as a high point after recovery. The corresponding exponential time constants are
131+£3 s and 34343 s, respectively.

White light excitation with SPP resonances at 1.7 eV and 2.3 eV tuned by the
incident angle had a minor response compared to the laser measurement. At higher
photon energy, the effect was slightly more visible.

4.2 Gating with SNOM

The CNT FETs used for experiments using SNOM excitation were in many ways
similar to those in detailed in Section but they were produced on a more con-
ventional substrate, namely highly doped silicon with a 300 nm SiO, oxide layer. In
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FIGURE 4.6 Time dependence of the drain-source current in the CNT FET in response
to laser exposure and SPP excitation. Exponential fits for exposure and recovery are
plotted, the voltages were kept constant at V;, =-0.4 V and V5 = 10 mV. Reprinted with
permission from article A.L

this case, large electrodes and an alignment grid were made with palladium using
EBL. The SWCNTs were deposited and imaged with AFM as previously described.
Based on the images, a second electrode layer with Pd was made to contact the SWC-
NTs. A typical image with a corresponding design is seen in Fig. [£.10c. The silicon
sample was glued to a chip carrier, and aluminum wires were ultrasonically bonded
to connect the sample to the carrier. An electrical measurement setup was built to
tit the inside of the SNOM scanning stage. In this case the sample cannot be moved
due to the stationary electrical contacts, and only the tip (top piezo) can be used for
scanning.

4.2.1 Experimental setup

The setup used in this work at the University of Jyvaskyld Nanoscience Center has
a Nanonics Imaging Multiview 2000 AFM/SNOM head. Far-field microscopes are
situated above and below the SPM stage, which is connected to piezo drivers and
controllers. As seen in Fig. 4.7, the scanning stage with the sample is on a stone ta-
ble with a vibration damping platform. This decreases noise levels especially in the
AFM signal. Additionally, the setup is inside a room shielded from EM interference
(Faraday cage) to improve the quality of electrical measurements.

Scanning the measurement spot can be done by moving either the tip or the
sample with separate piezoelectric actuators. The probe works normally in intermit-
tent mode, and this tapping (the resonant frequency typically 30 kHz for fiber tips)
is much faster than the time spent at each measurement pixel (typically 10 ms or
100 Hz). The tuning fork is a quartz crystal with a 32768 Hz resonance frequency
before the tip is attached. The Nanonics tips are manufactured by pulling the fiber,
and they are attached to a tuning fork assembly, which in turn is connected to the
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N

FIGURE 4.7 a) A view of the Nanonics SNOM setup. The scanning stage is between
the two optical microscopes on center left, and the controller boxes are on the right. b)
An optical image from the top microscope using an objective with 50 times magnifi-
cation. Laser excitation at 633 nm is fed to the fiber probe in contact, visible as a red
spot. The sample has an oxidized and polymer-coated silver strip (top left) on glass
and traces of palladium electrodes.

scanning stage by magnets.

For detecting the SNOM signal, an avalanche photodiode is used for photon
counting. The silicon diode itself has a panchromatic response (400-1100 nm), which
can be limited by using filters. The SNOM signal can be detected from the upper
microscope, where the tip is visible as in Fig.[4.7b, the lower microscope or through
the fiber.

As an example, a typical SNOM measurement with this setup of a lithograph-
ically made silver structure is seen in Fig. The excitation is done with a laser via
the tip, and the optical intensity is recorded in the far-field. It is highest when the
tip is at the edges of the triangle, and this signal practically tells where the coupling
with the prism is strongest. Fringes outside the prism are most likely due to leak-
age of far-field light from the tip, which creates an interference pattern matching the
wavelength of the laser. This suggests that the aperture is not a subwavelength one
in practice.

In Fig.4.9)a two-dimensional plasmonic lens fabricated as 60 nm high circular
ridges on a gold film is seen as imaged with SNOM with the optical signal collected
through the tip. The period of the grating is 605 nm, adjusted to coincide with the
wavelength of a SPP on a gold-air interface with the energy of a 633 nm far-field
photon. This results in a resonant lens where each ridge contributes in constructive
interference of the SPPs, with high intensity at the focal point at the center of the
rings [127]. A laser with 633 nm wavelength was used to illuminate the lens in far-
tield, and the tip was moved during scanning. The resulting SPP interference pattern
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FIGURE 4.8 SNOM measurement of a silver nanoprism with 1 pm sides and 30 nm
thickness on Si/ SiO,. Simultaneously, the a) AFM height and b) optical intensity col-
lected in far-field with a 10x objective were recorded. Laser excitation was done at 514
nm through a coated tip with a 100 nm aperture.

on the flat gold film, matching with the period of the grating, can be seen in the
SNOM image. Due to sample movement and piezo drift during scanning, the scale
is distorted to be larger than it actually is, especially in the y-direction.
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FIGURE 4.9 SNOM measurement of a plasmonic lens made of 60 nm high circular
gold rims on a gold film. In a) the AFM height and in b) the optical intensity collected
through a tip, coated only with cladding with a 300 nm aperture, are displayed. Laser
excitation was done at 633 nm in far-field with a 10x objective.

4.2.2 Results

Using a subwavelength aperture to excite a CNT FET had some effects on its electric
response. In Fig. there was a current response when the CNT-palladium con-
tacts were excited with a HeNe laser with an excitation power of 10 mW through
the SNOM tip. In this particular p-type device, at 50 mV source-drain voltage and
0 V gate voltage, the maximum current due to illumination of the contact was 0.75
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FIGURE 4.10 a) AFM height measured of a CNT FET on silicon during scanning with
a SNOM probe and b) simultaneous current measurement through the device. Drain-
source bias voltage is 50 mV, while the gate voltage is 0 V. The image is 384 by 384
points with 7 ms exposure time at each point, data from the right to left scanning di-
rection is shown. Laser excitation was done with 10 mW power at 633 nm wavelength
through a tip without metal coating, but with a 300 nm aperture in the cladding. In
¢) an AFM micrograph of the area before electrode fabrication is shown, and the elec-
trode design is overlaid in turquoise. The alignment markers (blue overlay) were on
the sample before applying the SWCNTs to aid electrode placement. The approximate
area of the SNOM scan is marked with a black frame.

pA and the minimum 0.2 pA compared to a current of 0.45+0.1 pA when the exci-
tation was not at the contacts. This effect is small and often not visible in otherwise
functioning CNT FETs.

When the excitation power was greatly increased, effects could be seen much
clearer. As can be seen in Fig.[4.1Th, when a semiconducting device is excited with
a 1064 nm laser at 632 mW power the effect on transistor behavior was significant.
A large hysteresis effect is also visible in this device, as the current depends on the
previous state of the channel at small gate voltages. In this case, it can be suspected
that a photoinduced gate voltage in silicon could be responsible for the effect of the
laser exposure, because the effect was more pronounced when the tip was at some
distance above the sample surface. On the other hand, the response is slow, so des-
orption of chemicals off the CNT FETs could also play a role. Additionally, the power
density is also large enough that the temperature change can have a significant effect
on the CNT FET.
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FIGURE 4.11 Drain-source current /45 measured through carbon nanotube field effect
transistors on 5i/SiO; in response to gate voltage V, and optical exposure. The drain-
source voltage V;, is 100 mV for all measurements, the V, sweep cycles are 1000 s long
and the measurements are started in the direction of the corresponding arrow. a) A
p-type semiconducting device with laser exposure (1064 nm at 632 mW) through an
SNOM tip without metal coating close to the CNT. Three measurements are plotted,
with a comparison of behavior before, during and after the exposure. b) Response of a
similarly made p-type metallic-type SWCNT device, with measurements with the IR
laser made in a similar way. The white light exposure was done with a halogen lamp
through a far-field microscope, details shown in text.
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Similar measurements were also done with devices that presumably had metal-
lic-type SWCNTs as seen in Fig. . 1Tb. In this case, the current is much higher with
the same V. With a metallic tube, the response to optical excitation is much slower.
Using the same IR laser at the same power, the current /;, rises somewhat slower
than with a semiconducting tube, with tens of minutes needed for saturation. The
laser, with an initial measured output of 642 mW, has an output power of 200-250
mW through the SNOM tip. A metal coating cannot withstand this power level,
so measurements were done with an uncoated tip. A crude estimation of the tem-
perature increase in the sample was determined by exposing a Pt100 thermometer
element to this power level, which resulted in its temperature rising from 22 °C to
80 °C. Surprisingly, turning on the halogen lamp of the top microscope (100 W lamp
at 80 % power, measured output after the microscope 1.1 mW) results in a similarly
slow decrease in current.

4.3 Discussion

4.3.1 Kretschmann measurements

The slow response of the CNT FET to optical excitation in the Kretschmann con-
tiguration rules out direct photoexcitation, which has a sub-millisecond timescale.
Any changes this fast were not seen in the measurements. If the substrate would
have been a semiconductor like silicon, there could have been a photovoltage gen-
erated at the dielectric-semiconductor interface due to photogeneration of carriers
in the semiconductor [89]]. Such an effect would be in a similar timescale than direct
photoexcitation, and is not seen here because the backgate is a metal.

There has been a similar experiment with CNT FETs coated with gold nanopar-
ticles, where the far-field light used for excitation will illuminate the CNT and its
contacts, but an enhancement is reported only when the particles are used [161].
However, the power densities used are in the kW /cm? range. Similarly, a SWCNT
film decorated with gold nanoparticles has been used as a light detector [82], where
a temperature difference between SWCNT films with and without particles is gen-
erated by LSPR in the particles, producing an open circuit voltage. Large plasmonic
antennas can be also produced with lithography for near-infrared detectors [42].

The response could also be simply the result of local heating of the device
during optical excitation. However, the CNT FET temperature change can be cal-
culated to be less than 1 K during the laser exposure (Supplementary material for
A.T), which would not produce a significant electrical response. In addition, the con-
trol measurement was done with laser excitation of the same power but a different
polarization, so the increase in temperature relative to the control would be even
smaller. There was no hysteresis seen in response to gate voltage sweep, which im-
plies that the polymer gate dielectric does not support charge traps that would cause
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hysteresis.

Because the experiments were carried out in ambient conditions, the adsorp-
tion of gaseous species from the air to the CNT FET affect the electrical response.
The time dependence of the CNT FET conductivity is on the same scale as in pre-
viously reported experiments involving photodesorption [19]. Therefore, the most
likely reason for the observed effects is SPP-induced oxygen desorption from the
CNT FET, possibly at the CNT-metal contact area [18].

4.3.2 SNOM measurements

SNOM promises a high optical resolution for imaging, but it has practical limita-
tions that make it a specialized tool for certain types of applications. Unlike far-field
optical microscopy, the need for a scanning probe limits applicable samples to flat
surfaces. And unlike AFM, with apertured probes both the necessity of a (relatively)
massive optical fiber and the use of a tuning fork limit the resolution in terms of to-
pography. Additionally, both the condition of the aperture and its orientation have
a huge impact on the optical signal. During scanning, mechanical wear and accu-
mulation of debris can open or block the metal aperture, preventing subwavelength
imaging. Scattering-type probes are simpler, but have a more limited field of appli-
cations, since light typically scatters also from other parts of the sample and not just
the tip. Apertured SNOM is most suitable for plasmonic structures with relevant
dimensions larger than 100 nm and in tip collection mode for imaging samples that
emit light. Additionally, SNOM tips can be used for local optical excitation, e.g. for
active components or for spectroscopy.

Gating the CNT FETs through a SNOM tip aperture was attempted, applying
a large power density to a specific spot, at somewhat higher resolution than what
far-tield laser scanning would have provided. This method was successful in only a
few devices made on silicon, where specific locations on the devices were shown to
be sensitive to the laser. These excitations were fast, since each pixel in the SNOM
image had a dwell time of 7 ms. The results showed a similar response for photocur-
rents that have previously been imaged with laser scanning at Schottky barriers in
CNT-metal contacts, as photocurrents both without [41] and with [11] drain-source
bias.

On some devices, imaging an active spot on the device was not successful, but
optical excitation on a larger scale had a pronounced effect. Photovoltage generated
in the silicon gate was one possible source of the effect the laser excitation had on
the FET. At least for the IR laser, this explanation is partly supported by the fact
that the laser had a larger effect when the uncoated SNOM tip was lifted off from
the surface of the CNT FET. However, the response to the IR laser was slow (tens
of minutes to saturation) both with semiconducting and metallic tubes. Previously
published experiments have shown a negative shift in apparent gate voltage of -160
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mV at maximum, saturating in regard to laser power, but here with a semiconduct-
ing tube the hysteresis window was extended in gate voltage terms 3 V in the pos-
itive direction (Fig. #.1Th), with a large difference between 100 mW and 642 mW
excitation. Hysteresis was seen in all CNT FETs with a SiO, dielectric, in contrast to
the Kretschmann devices on glass with a polymer dielectric film.

The temperature change also can have an effect, since with the laser the tem-
perature can be tens of kelvin higher even when measuring with a thermometer in
cubic millimeters. In this case the heating of the source or drain electrodes close to
the tube can generate a photocurrent [8]. It should be noted that silicon starts to be
transparent around the 1064 nm laser wavelength (and further in the IR) and thus
some of the energy goes deeper into the sample. At high power levels the IR laser
heats the sample by tens of kelvin, and this change can also decrease electrical re-
sistance [63]. This interpretation is supported by the observation that the currents in
all devices, also the off-state one in semiconducting CNT FETs, were increased with
IR laser exposure.

As in experiments in the Kretschmann configuration, the desorption of chem-
ical species, most likely oxygen, from the device could play a major role in the elec-
trical response of several devices with both semiconducting and metallic behaviors.
The lowering of current in a metallic-type CNT FET in response to white light could
be due to the same effect as seen in Section i4.1] with SPP excitation in a semicon-
ducting tube, but it is surprising that semiconducting tubes measured here are not
sensitive to the same low power densities of white light. The IR excitation at 1064
nm should also have enough energy to remove physisorbed oxygen, as its binding
energy is 0.25 eV when bound to a SWCNT [65], but instead the current slowly rises
with this excitation for both types of CNT FETs. The situation may be different for
the binding energy at the CNT-metal contact. If there is photodesorption in this case,
it is masked by the effects of heating. In conclusion there are two likely and opposite
causes for the photoresponse of the devices on silicon.



Chapter 5

Collective optical excitations in
SWCNT films

The Kretschmann configuration is usually used to excite SPPs on metals, but it can
be employed to probe collective excitations with evanescent waves more generally.
In this chapter SWCNT films sorted in regard to electric properties are examined to
find any possible plasmon-like features. The main focus is on thin films of metallic-
type SWCNTs that have only recently become available in macroscopic quantities
with relatively high purity. These experiments have been reported in Article A.IL

5.1 Experimental

The SWCNT powders used in the experiments were purchased from Nanolntegris
Inc., including unsorted tubes and materials with 98 % metallic or 98 % semicon-
ducting tubes as a percentage of total CNT content. The nanotubes had been sorted
from raw arc discharge SWCNTs via repeated density gradient ultracentrifugation
(DGU) [49]. The unsorted SWCNTs were also purified by using surfactants in an
aqueous solution using a similar method. Both materials were prepared as powders
with vacuum filtering and washing the surfactants off the SWCNTs with methanol.
The tubes had an average diameter of 1.4 nm and their lengths ranged generally
from 100 nm to 1 pm [99].

For producing thin films, the powders were dispersed to (1,2)-dichloroethane
(DCE) with ultrasonication. This suspension was deposited as droplets on a heated
(200 °C) float glass substrate. By depositing the tubes without surfactants, a high
degree of bundling was seen in the films as evident in Fig. For measurements,
the glass sample was attached to a hemicylindrical prism with index oil.

The thin films were measured in the Kretschmann configuration, similarly as
in Fig. to determine any response to the excitation with evanescent waves. The
light used for measuring the spectra was a 220 W tungsten-halogen lamp (Oriel),
and the measured area on the film was 0.5 mm wide in the plane of incidence and
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FIGURE 5.1 a) AFM image of a semiconducting-type SWCNT film and b) scanning
electron micrograph of a metallic-type thick film (same sample as in Fig.[5.6). Separa-
tion was done with DGU, the films were deposited from a DCE suspension. Scale bars
1 pm.

4 mm across in the perpendicular direction. The specularly reflected light was col-
lected via a lens to an optical fibre, which fed the signal to a spectrometer (Jobin
Yvon iHR320) with a CCD array (Jobin Yvon Symphony). The anomalies in spectra
seen in some measurements at around 950 nm are likely due to damage in the collec-
tion fiber, which makes the spectra slightly dependent on the bend of the fiber. The
same setup was also used for measuring reflectance in Chapters 4] and [6| Since the
rotation of the prism and the spectrometer collection lens were moved by hand, the
intensities between the reflection spectrum measurements at different angles are not
comparable, only the qualitative features of the spectra are. Exceptions are Figures
(only polarizer moved) and

The TIR setup was used only in reflection mode, since any possible emis-
sion was too weak to be measured with these samples. Photoluminescence is pos-
sible with semiconducting tubes, not metallic ones. Additionally, if metallic tubes
are present in bundles with semiconducting ones, photoluminescence is strongly
quenched.

Raman spectroscopy (Fig. was used to evaluate the purity, defect density
and diameter distribution of the SWCNT materials [29]. The RBM mode is unusually
strong, which can be partly accounted for by the setup, where the detector has lower
sensitivity when the Stokes shift moves the signal further into the infrared. The G
mode peaks at 1580 cm™ are strong, which indicates good resonance conditions with
the 785 nm laser. The metallic-type material has a broader G" mode, which is due to
the presence of conduction electrons in tubes with metallic character.

The diameter distribution of the CNT material seen in Table 5.1] can be de-
termined from the full width at half maximum (FWHM) of the Raman RBM mode.
The diameters are estimated using an empirical relation derived from diameters and
RBM frequency data obtained from long isolated SWCNTs: d = %, where d is the
SWCNT diameter in nm and wrpy the RBM frequency in cm™.
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FIGURE 5.2 Raman spectra of SWCNT samples, produced with the arc discharge
method. The films were measured with a Bruker Senterra R200 Raman microscope
with a laser wavelength of 785 nm. The materials are from Nanolntegris Inc., who
also separated the metallic and semiconducting fractions with DGU.

In this case the laser will be resonant with both metallic and semiconducting
tubes of 1.4 nm diameter. The laser will not match the resonances of most other
diameters, so they would not be seen in the spectra and can’t be excluded from
being present in the samples. As the material was stated to have a 1.4 nm diameter
by Nanolntegris, the Raman measurements are used to confirm that a significant
amount of the material is of this diameter, as seen in the RBM and G-band Raman
peaks.

The diameter range from Raman has several possible chiralities for each sam-
ple. The metallic-type material has 14 possible SWCNT chiralities in the specified
diameter range from the thinnest (14,5) at 1.337 nm to the thickest (13,10) at 1.565
nm if the tubes are assumed to be metallic. Similarly the semiconducting material
would have 21 chiralities from (17,0) to (15,7) and the unsorted material 44 from
(10,9) to (20,0). [104] Due to the wide range of chiralities in the samples, identifying
single chiralities in absorption or reflection spectra is not possible with the equip-
ment used in the measurements.

TABLE 5.1 CNT diameter distribution estimated from the FWHM of the RBM peaks
in the Raman spectra in Fig.[5.2] see text.

CNT material dpear [nm] | dppin, [nm] | dypep [NmM]
Metallic 1.42 1.33 1.57
Semiconducting 1.45 1.32 1.53
Unsorted 1.41 1.29 1.57
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5.2 Results

5.2.1 Metallic SWCNTs

When measuring optical spectra for metallic-type films, both E}Y and E}; transitions
are clearly seen in transmission. For thin films at reflection with s-polarization, the
transitions are dispersive as clearly seen in Fig.[5.3p. The reflection spectra measured
with p-polarization at TIR only show the absorption spectrum at variable intensities
at each angle, and when the film thickness is well beyond 100 nm, the results are
very similar also in regard to the intensity of absorption. This is possibly due to the
limited range of the evanescent wave, so the results are essentially expected TIR
absorption spectra.

(a) Metallic 100 nm in water, s-pol. ~ (b)  Metallic 100 nm s-pol.
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FIGURE 5.3 Reflectance of a 100 nm thick film of 98 % metallic SWCNTs in the
Kretschmann configuration as a function of the incident angle. In a), reflectance spec-
tra with s-polarized light measured from a film embedded in water is shown, and in
b) reflectance spectra in air with a similar film is displayed with both polarizations.

When measuring the polarization dependence of the excitation light more ac-
curately, the reflectance shows a clear minimum at s-polarization (Fig.[5.4). The an-
gle dependence is also shifted when the medium behind the film is changed from
air to water (Fig.[5.3p). In this case the sample had a water-filled container behind
the sample glass, changing the TIR threshold angle to 61°.

To test the dependence of the angle-dependent resonances on the surface of
the film, a 100 nm thick metallic SWCNT film was coated with a 50 nm layer of gold
with electron beam evaporation in ultra-high vacuum. The reflectance spectra of this
sample in Fig. 5.5/ show a disappearance of the previously seen angle dependence.
At p-polarization, the expected SPP resonance of gold is seen, but for the SWCNT
portion the excitonic transitions are seen only similarly as in transmission spectra in
samples without gold.
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FIGURE 5.4 Polarization dependence of reflectance measured with a 100 nm thick
film of 98 % metallic SWCNTs in the Kretschmann configuration. The incidence angle
is fixed at 51°, and a prism polarizer is used to set the polarization. The reflectance
intensities between angles are comparable.

Metallic 100 nm & 50 nm Au  s-pol.

900

@
=]
[S]

Wavelength (nm)
~
o
o
N
('ne) Aysuau|

o
f=3
[s3

500

400

20 30 40 50 60 70 20 30 40 50 60 70 0
Angle (°) Angle (°) T(a.u)

FIGURE 5.5 Reflectance spectra as a function of angle of incidence of a 100 nm metallic
SWCNT film with a 50 nm gold layer on top in the Kretschmann configuration.
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Thickness dependence

For metallic-type SWCNT films, the reflection spectra depend on thickness as seen
in Fig. but only for s-polarization. The reach of the evanescent wave in TIR con-
ditions on the glass-air interface without CNTs would be roughly 100 nm, which
corresponds to the film thickness with the most well-defined absorbance in reflec-
tion. There is also some dispersion as a function of thickness, with the E}{ resonance
in particular shifting to lower energies when the film becomes thicker.

Optical thickness s-pol. Optical thickness p-pol.
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FIGURE 5.6 Thickness dependence in Kretschmann reflection spectra of a metallic
SWCNT film sample in air at an excitation angle of 51° from normal. Intensities as
measured (smoothed version in A.II). Optical thickness refers to the transmission in-
tensity at 900 nm wavelength divided by the intensity at 700 nm, close to the M
resonance. Reproduced with permission from article A.IlL.

For thin metallic SWCNT films there is no clear angle dependence, instead the
reflectance spectra are not distinguishable from the transmission spectrum. As seen
for a 45 nm thick film in Fig.[5.7} only the intensity changes with the angle. It should
be noted that this particular sample was deposited by spray-coating the DCE sus-
pension with a paint gun on a heated glass slide, so that it had a somewhat more
even thickness distribution. Using RIE with oxygen plasma on a 100 nm metallic
SWCNT film, damaging the tubes and thinning the film, both weakened the reso-
nances and made the dispersion less prominent.

5.2.2 Semiconducting SWCNTs

The E?| exciton transition for semiconducting tubes with 1.4 nm diameter is in the
infrared (1600 nm wavelength) and is not within the range of the measurement
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FIGURE 5.7 Kretschmann reflection spectra and the transmission spectrum of a 45 nm
thick spray-coated metallic SWCNT film. The M;; and Mj; resonances do not move
significantly in terms of wavelength in respect to the excitation angle.

setup. The F3, transition is at 1000 nm, which is visible especially in the transmis-
sion spectrum seen on the right in Fig.[5.8a. Additionally the E3; and EY, transitions
for the previously determined diameter range should appear between 370 nm and
570 nm. These transitions are hard to identify in the film transmission or reflectance
spectra, instead there is a general increase in absorption when moving to shorter
wavelengths.

In reflectance spectra on the left side of Fig. there were no clear angle-
dependent resonances visible, but there is a more prominent change in respect to the
TIR critical angle. At the incident angles in the TIR range, there is more absorption
at s-polarization, which could be due to the nature of the excitonic absorption of
the SWCNTs. At s-polarization, the electric field of the photons is always aligned
along the film. Because the tubes mostly lay flat on the substrate, at s-polarization
more tubes are parallel to the polarization than at p-polarization. This should result
in a higher absorbance than at p-polarization where the field is mainly through the
film, because the absorption of the SWCNTs is higher when the polarization is along
the tube, as discussed in Section [2.1.2] With both polarizations the reflection spectra
above the TIR angle match with the transmission spectrum. Before the critical angle,
there is more reflectance in the NIR region above 900 nm.

5.2.3 Unsorted SWCNTs

The transmission spectrum of unsorted tubes has transitions of both the metallic
and semiconducting tubes visible. In particular, M;; resonance at 700 nm for metal-
lic tubes can be seen also in the reflection spectra in Fig.[5.8p, but it does not have
a clear dispersion. This result indicates that the metallic proportion of roughly one
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FIGURE 5.8 Reflectance of 100 nm thick SWCNT films in the Kretschmann config-
uration. The films are made from a) 98 % semiconducting SWCNTs and b) unsorted
SWCNTs. The transmission spectra of the same measurement locations are displayed
on the right.

third in the unsorted film is not enough for the resonances to be clear and disper-
sive. Again, the reflection intensity is lower at s-polarization, indicating that more
excitonic absorbance would occur when the polarization is aligned with the axes of
the tubes in the film.

5.3 Discussion

Clear dispersive resonances were only seen for metallic-type SWCNTs. The dif-
ference in the spectral shapes of s- and p-polarized reflection can be possibly at-
tributed to optical anisotropy of SWCNT films. There are very few publications
where the anisotropic dielectric function of CNT films have been experimentally
obtained [35]. These measurements are for unsorted and unaligned SWCNT films.
For sorted tubes, there are currently only isotropic attempts ( [13], Supplementary



5.3. DISCUSSION 77

in [108]). The difficulty of acquiring a specular reflection from a CNT film most likely
explains the lack of ellipsometry results.

Nevertheless, the peak of the extinction coefficient in [35] moves in regard to
photon energy when the density of the SWCNT film is altered. This could explain
partially the dispersion as a function of film thickness, if the film does not have a
constant density through its thickness.

One possibility to consider is a cavity mode between the interfaces of the
metallic-type SWCNT film, that can be considered as a type of interference [14].
Such modes with angle-dependent dispersion are possible between two reflective
interfaces, which usually would be metal mirrors. Strong coupling of this cavity
mode with excitons of single-chirality SWCNTs situated between metal layers has
recently been demonstrated [47]. However, the dispersion of the resonance would
have shorter wavelength with higher angle of incidence from the normal (like in
thin-film interference), which is opposite to the one observed. The reflectance of the
sample in Fig.[5.5 with metallic SWCNTs covered by gold show no angle-dependence
of the M;; resonance, unlike the same sample without coating. If the observed res-
onances would be related to a cavity mode produced by reflections between film
interfaces, the features would only strengthen.

The configuration of the sample is somewhat analogous to an array of metal
nanowires on a waveguide, which have been shown to possess s-polarized reso-
nances on reflection. These waveguide-plasmon polaritons are excited when the
electric field of the incoming light is perpendicular to the nanowire [23]. With SWCNT
bundles, the situation can be similar in terms of nanoscale wires, but there is no ex-
plicit waveguide in the system. On the other hand, the SWCNT layer itself is porous
and has a thickness of 100 nm.

Because the sample is made of nanowires that also are at regular spacings in
bundles, there is also a possibility that they couple with each other to produce mag-
netic resonances [118]. Magnetic plasmon polaritons would also be dispersive at
s-polarization, the opposite of electric ones. In addition to the polarization depen-
dence, this interpretation is supported by the influence of the dielectric environment
to the dispersion, implying surface waves. In this case there could also be coupling
with excitons to produce exciton-plasmon states [50]. However, the actual explana-
tion of the discussed resonances is still unclear.
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Chapter 6

Optical anisotropy in PEDOT:PSS

Conductive polymers can be considered to be somewhat analogous to graphitic ma-
terials, with similar bonding between carbon atoms and a relatively high charge
mobility. With this in mind, we studied thin films of conductive polymers to see
if there are any similar collective optical effects that were seen for metallic SWC-
NTs in Chapter 5| The films were measured in a TIR configuration to see if there
would be any previously undetected optical phenomena. Additionally, films of a
graphene-containing polymer composite were measured as a comparison. In ad-
dition to optical properties, sheet conductivity, roughness and effects of different
deposition methods were tested. These results were reported in Article A.III of this
dissertation.

6.1 Experimental details

We studied spray- and spin-coated thin PEDOT:PSS films for changes in optical and
electric properties. A PEDOT:PSS/-graphene composite (Innophene Phene+ 13015
inkjet ink) was measured in comparison to Clevios PH500 PEDOT:PSS ink. The inks
are water-based and baked after deposition. Some inks were treated with 90 minutes
of sonication (Elma S120H bath sonicator, 1000 W) to see if the properties change due
to possible reduction in graphene flake size.

To check for optical anisotropy and any possible collective excitations related
to graphene, a total internal reflection (TIR) configuration was used for reflection
spectroscopy. The attenuated TIR provides a higher absorbance signal of thin films
than a transmittance measurement. The evanescent wave produced at the interface
provides conditions also for producing surface plasmon polaritons, if the film can
support them. As a comparison, variable angle spectroscopic ellipsometry was per-
formed (J.A. Woollam M-2000UI) to determine the refractive index n and extinc-
tion coefficient k as a function of wavelength for simulation purposes. Optical ab-
sorbance was separately measured with a PerkinElmer Lambda 850 UV /VIS Spec-
trometer.
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The structure of the films was also characterized with AFM and SEM to deter-
mine film thickness and roughness. Sheet resistance measurements were done using
a Keithley 2456 Sourcemeter with a linear four-point setup with mercury-dipped
spikes, where current was fed and measured through the two outer electrodes and
voltage was measured between the inner electrodes.

6.2 Results

Four-point sheet resistance measurements were done on 6-10 samples of each type
with different thicknesses. Spray-coated PEDOT:PSS/ graphene films had a conduc-
tivity of 310£40 S/cm, which was essentially unchanged at 320+£60 S/cm for films
of the same material that were treated with sonication. Bare PEDOT:PSS films had a
conductivity of 0.84:0.3 S/cm (Fig. [6.1). All of the conductance difference cannot be
attributed to only the graphene content, since the Innophene PEDOT:PSS/graphene
ink also contains diethylene glycol, a secondary dopant. Optical absorbance per
thickness based on the same samples was 0.27+0.03 pm™ for PEDOT:PSS/graphene,
unchanged 0.28+0.05 pm™ for sonicated PEDOT:PSS/graphene and 0.46+0.05 pm'™
for PEDOT:PSS.
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FIGURE 6.1 Plot of sheet conductance as a function of film thickness for spray-coated
PEDOT:PSS and PEDOT:PSS/ graphene thin films, some with 90 minutes of sonication
before film fabrication. The plot includes linear fits for each material used to determine
conductivity.
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6.2.1 Simulated reflectance

Reflection spectra were simulated using the transfer-matrix method with anisotropic
refractive indices obtained from spectroscopic ellipsometry. For spray-coated sam-
ples these simulations do not match measurements very well due to the roughness
of the thin films. The general trend of the interference patterns can be obtained from
the simulations, as seen in Fig.[6.Za-b. The curvature of interference fringes is due to
the change in refractive index as a function of wavelength.
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FIGURE 6.2 Reflection spectra of thin films in TIR conditions. The upper rows display
reflectance with s-polarized light and lower rows p-polarized. In (a,b) the spectra are
simulated from ellipsometry data: (a) PEDOT:PSS, 500 nm thick, refractive index was
obtained from previously published data measured from spin-coated samples [110].
(b) PEDOT:PSS/graphene 560 nm thick, sonicated, refractive index obtained from el-
lipsometry of spray-coated samples. Reflectance spectra below 40° angles are scaled.
(c-e) Measured reflection spectra in TIR (Kretschmann) conditions: (c) PEDOT:PSS, 500
nm thick, (d) PEDOT:PSS/graphene 550 nm thick, (e) PEDOT:PSS/graphene 560 nm
thick, which was sonicated for 90 min in an attempt to reduce graphene flake size. The
intensities of measured reflectance spectra at different angles are not to scale. Adapted
with permission from article A.IIL
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6.2.2 Reflectance measurements

The reflectance measurements revealed clear interference patterns, especially in the
TIR angle region as seen in Figures[6.2c-e. The interference maxima and minima are
clearly different at s- and p-polarizations, which points to anisotropic optical prop-
erties. The s-polarized incident light only experiences the refractive index parallel
to the film, while at p-polarization also the perpendicular direction of the refractive
index affects the reflection. The addition of graphene does not seem to result in a
significant change in anisotropy (Fig. [6.2Jd-e). Interestingly, the resonances from in-
terference seem to be better defined for samples with graphene and even more so
for samples that were treated with sonication.

6.3 Discussion

The main motivation for using TIR spectroscopy to measure conductive polymers
with graphene was to search for collective optical modes that might result from their
complex structure. Thin films of PEDOT:PSS can have a highly anisotropic structure
at least for some methods of production. Usually spin-coated films have been stud-
ied due to their relatively smooth surface and ease of control on the thickness of the
film. Spray-coating, similar to inkjet printing, produces much rougher films than
spin-coating.

In this study it was seen that spray-coating also produces highly anisotropic
tilms, contrary to earlier assumptions. Previously it has been thought that the spin-
coating process, necessary to make films smooth enough for ellipsometry, would be
the reason for the alignment of highly conductive PSS-rich region along the plane
of the thin film [110]. A second reason, more likely in this case, is that the drying
process during film processing orients the PEDOT chromophores parallel to the film
[33].

Any angle-dependent resonances that cannot be explained by interference and
uniaxial anisotropy were not seen in PEDOT:PSS films, with or without graphene.
Even though a similar TIR configuration can be used to excite SPPs on suitable metal
films, the films measured here do not support such plasmonic phenomena in opti-
cal wavelengths. To test that the interference pattern really is one, the surface of one
sample was blocked with a thin gold film, similarly as in Chapter |5, and the pat-
tern remained the same in the case of the PEDOT:PSS film, unlike previously with
metallic SWCNTs. With one surface changed to a metal mirror, the interference pat-
tern will not change in terms of angle and wavelength. Interestingly, the resonances
from interference seem to be better defined for samples with graphene, which could
indicate smoother surfaces or alternatively a more consistent refractive index in the

sample.
With the reflectance measurements in a TIR configuration, it was possible to

evaluate the optical properties of optically absorbing films as thick as 2.5 pm, which



6.3. DISCUSSION 83

would not give a reasonable signal in ellipsometry measurements. Additionally, un-
even films that do not give a decent specular reflection that is needed for ellipsom-
etry, can be measured with this method.
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Chapter 7

Summary and outlook

Plasmonics in graphene has attained considerable interest in recent years, but ap-
plying carbon nanotubes in plasmonics has been much less popular. The contents of
this thesis shed light on the latter area, with some results also in related fields.

Optical gating of CNT FETs

We have demonstrated that the current in CNT FETs can be controlled with plas-
mons, at least using a chemically intermediated process. Excluding the possibility of
direct far-field optical excitation required an unconventional sample design, which
had a relatively low fabrication yield and durability. Nevertheless, SPP-mediated
gating showed higher sensitivity than with far-field excitation, and this result could
have applications in optical sensors.

These downsides could be overcome by having a more durable dielectric de-
posited on the device, since the thin polymer layer was often removed during pro-
cessing, and could not handle much gate voltage. However, the underlaying silver
layer is prone to oxidation, which will destroy its optical properties. For a good
quality oxide, atomic layer deposition (ALD) would be the best option. There are
specific coating recipes for oxides, such as Al,O5; or TiO; [126]], which have been
used to protect silver from corrosion in optical or plasmonic applications.

The response of CNT FETs to optical excitation was also studied using SNOM,
and active areas were found at the CNT-metal contacts. Far-field optical excitation
also had pronounced effects, which may be due to desorption of chemical species,
due to temperature change, or because of photovoltage generation in silicon.

Optical properties of SWCNT films

SWCNT materials with selected metallic chiralities were shown to display interest-
ing collective optical effects, resulting in an anisotropic optical response. The angle-
dependence of the SWCNT optical transitions in the Kretschmann configuration for
metallic-type films of a specific thickness is a novel result, and should ignite new
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interest in optical resonances arising from excitations in a large amount of similar
tubes. The research could have applications in metamaterials, if the resonances are
magnetic in nature. Research on the unusual optical properties of purified metallic-
type SWCNTs is also useful in the case that films of this material are applied as
transparent conductors.

The SWCNT films that were measured in this research had a variety of chirali-
ties, were aligned randomly along the plane, had various degrees of bundling and a
relatively uneven thickness. All of these factors affect the measurements, and could
be controlled better, if some improvements in sample fabrication would be imple-
mented. After the publication of article A.Il, high-purity sorting of single chirality
tubes has been accomplished in a macroscopic scale for semiconducting tubes, but
unfortunately the metallic tubes relevant for this research are more difficult to sep-
arate [151]. Still, better tube material would contribute to sharper resonances and
more insight to the nature of the phenomenon.

The second major improvement would involve having a unidirectional film,
which would give information on the directionality of the resonances and on the
optical anisotropy of the SWCNT film. To achieve this, there are several possible
methods. The easiest way would be to directly grow the tubes as a nanotube forest
and possibly comb it over in one direction, but synthesis methods are not yet selec-
tive enough to have a consistently metallic-type film. From a suspension, a flow of
liquid [147] or a moving interface of a droplet over a substrate [122] can be used to
direct the tubes with some success. Dielectrophoresis is also possible, but requires
electrodes and is not suitable for a thick film. Surfactant-aided crystallization has
also been suggested, but would only produce small islands of directed film [71].
Vacuum filtration, however, has been shown to have the best results of possible
methods so far [53].

Conductive polymers

Conductive polymers have applications mostly as thin films, and specifically for
transparent ones like PEDOT:PSS optical properties are also important in addition
to electrical ones. For non-flat surfaces spin coating, which provides a smooth sur-
face, is not possible. The relatively rough surface provided by spray coating on the
other hand is not that suitable for optical measurement due to scattering, and the
properties of the polymer film may also depend on the deposition method. As an
application of the research, spectroscopy in TIR conditions was shown to be use-
ful in checking the optical anisotropy in rough or thick films of PEDOT:PSS, even
though the original purpose of the research was to search for more complex collec-
tive optical excitations.

The polymer materials used in the measurements were commercial ones, of
which the Clevios PH series has seen widespread use in applied research [33]]. The
Innophene polymer inks have been used significantly less (a dozen articles as of
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2016), and as a commercial material, the exact contents are not available. Relevant
to this research, the amount of graphene flakes in the Innophene ink and their size
is not precisely known, and this ink also has extra dopants in relation to the Cle-
vios PH500 ink. A more robust approach in studying the effects of graphene would
be to produce and add the flakes in controlled amounts to the ink. For studying
graphene plasmons in the flakes with possible coupling to the polymer matrix, as
well as possible plasmonic excitations in the conductive polymer itself, additional
spectroscopic studies further in the infrared would also be needed.

The approaches used in the development of conductive polymers could also be
used in an attempt to increase the conductivity of SWCNT films. A carbon nanotube
is analogous to the conjugated backbone of a conductive polymer, and by selectively
functionalizing SWCNTs a charge transfer complex could be created to improve in-
tertube conductivity. This could be done by e.g. amino functionalization for some
tubes and carboxyl functionalization for others, forming a macromolecular salt of
SWCNTs. To maximize conductivity, metallic tubes obtained from chirality sorting
could be used. Functionalization as such generally decreases the conductivity of an
individual tube, but this might be offset by the additional charge transfer between
the tubes. A secondary dopant could also be applied (such as ethylene glycol for
PEDOT:PSS), filling the spaces in the SWCNT network and facilitating additional
conductivity.
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Herein, we experimentally demonstrate surface plasmon polariton (SPP) induced changes in the
conductivity of a carbon nanotube field effect transistor (CNT FET). SPP excitation is done via
Kretschmann configuration while the measured CNT FET is situated on the opposite side of the metal
layer away from the laser, but within reach of the launched SPPs. We observe a shift of ~0.4 V in
effective gate voltage. SPP-intermediated desorption of physisorbed oxygen from the device is
discussed as a likely explanation of the observed effect. This effect is visible even at low SPP intensities
and within a near-infrared range. © 2011 American Institute of Physics. [d0i:10.1063/1.3614543]

Field effect transistors (FETs) utilizing carbon nano-
tubes (CNTs) as their conductance channel have possible
applications, among others, as chemical' and optical sen-
sors® as well as in photoelectronics.* Chemical sensing is
generally based on adsorption or desorption of different mo-
lecular species that alter the electrical response of semicon-
ducting single-walled (SW) CNTs (Refs. 1 and 5) (as well as
graphene®). In ambient conditions, specifically oxygen and
water vapor have been shown to significantly influence CNT
FETs,”® even though most of the oxygen is only physisorbed
on the SWCNT via van der Waals interactions.” On the other
hand, photoexcitation of a SWCNT, which is especially im-
portant for photoelectrical applications, can induce several
different effects in its electrical transport properties.”>
While the direct electron-hole generation is the most desired
effect in photoelectronics, another usually even more impor-
tant and widely studied effect is due to photodesorption of
atmospheric molecules.>®!%!"  The photodesorption is
strongest in the UV range and usually negligible in near-IR.’

Surface plasmon polaritons (SPPs) are coupled modes of
electromagnetic waves and oscillations of free electrons in a
metal surface. They can be considered as two-dimensional
light bound to a metal-dielectric interface, however, with all
the properties modified by the subwavelength confinement of
these optical fields.">!? Thus, SPPs offer fascinating prospects
for photoelectronics. For example, a huge field enhancement
near the interface produced by the confinement has been
widely utilized in surface enhanced Raman spectroscopy.' In
this letter, we utilize SPPs to “illuminate” the CNT FET,
which leads to a significant effect on its charge transfer prop-
erties. Surface plasmons have been shown to cause desorption
on metal surfaces.'> Here, the observed effect can also be
explained by the desorption of oxygen induced by the SPP
illumination. Contrary to far-field induced photodesorption,
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the effect observed here is visible at low intensities and even
in near-IR.

Schematics of the experimental setup and an AFM
image of the CNT FET measured are shown in Fig. 1. SPPs
are launched in the Kretschmann configuration, where the
incoming light at the resonant angle couples to SPPs on the
outer surface of a thin metal film deposited on an optically
transparent substrate.'®'” A light source was collimated by
two narrow slits and incident on the half-cylinder prism
through a polarizer. Photons are coupled into SPPs on the
sample at the bottom of the prism when the incoming beam
is p-polarized, while the SPP excitation is turned off when
the polarizer is turned 90°, producing an s-polarized ray.'¢

(a) Sample Polarizer
Electrical | W | -
measurements T T Light source
S— il :l

Adjustable  Adjustable slits
prism mount

Hemicylindrical

prism Spectrometer

FIG. 1. (Color online) (a) Schematics of the experimental setup. (b) AFM
image of the device. Edge dimensions are 2.5 um and the SPPs are excited
on the interface between SU-8 and silver in the direction of the arrow.

© 2011 American Institute of Physics
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FIG. 2. (Color online) (a) Gate voltage sweeps with
SPPs on and off. Four traces were averaged for each
curve to decrease the noise level (negligible hysteresis).
-400 Vas=10 mV. (b) Drain-source current as a function of
02 V, and Vyq. 1.96 eV SPPs are switched off by polariza-
tion. Vs is the fast scan axis (23 s for one line) and V,
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This is used in the measurements as a control for possible
effects due to direct light excitation; even though the sample
is illuminated on the other side of the metal film compared to
the CNT FET. The excited SPPs travel to the CNT FET per-
pendicular to the SWCNT, as shown in Fig. 1(b).

Samples were produced on a 1 cm? glass slide. For SPPs,
a 63 nm thick and 1 mm wide silver strip was evaporated on
the glass followed by spin-coating with diluted SU-8 2025
(MicroChem) resist. The resulting 50 nm thick cured SU-8
layer acts as a dielectric between the CNT circuit and the Ag
strip, which doubles as a back gate. Photolithography and
electron beam lithography (EBL) were used to produce palla-
dium electrodes and alignment markers on the SU-8 surface.'®

Commercial SWCNTs (Nanocyl S.A.) were spinned
from a 1,2-dichloroethane suspension on the sample surface
after breaking up bundles with sonication and located in rela-
tion to the alignment markers by AFM scans.'® Finally, 84
nm thick Pd electrodes completing the CNT circuit were fab-
ricated with EBL and the sample was connected to the setup.

Circularly polarized 633 nm (1.96 eV) HeNe laser (Uni-
phase 1125) was used as a light source producing a power
density of ~700 mW/cm?® on the prism after polarization.
The incident beam had a spot size of 0.8 mm in diameter,
pointed at the section of the Ag film where on the opposite
side, the CNT FET is located. Plasmon resonance for the
beam occurred at an angle of incidence of 62°, and the inten-
sity of the SPPs produced to the Ag/SU-8 interface was
approximately 110 mW/cm? based on the measured reflected
intensity.'® The exposed length of the 2.3 = 0.7 nm thick
SWCNT was 1 um [see Fig. 1(b)].

The current, /4, flowing through the channel of the CNT
FET was simultaneously measured during excitation by apply-
ing a drain-source voltage, V4, and a gate voltage, V,. The
CNT FET was initially measured with the s-polarized beam
(no SPPs). It was found to have a p-type transistor response
[see Fig. 2(a)], which is typical for devices with Pd contacts in
ambient conditions.'® Gate voltages greater than +0.5 V were

is the slow scan axis. (c) A corresponding measurement
for the same device with SPPs switched on. (d) V,
sweeps with excitation by white light and plasmon
200 energy adjusted with the angle of incidence. 1.7 eV ex-
100 —~ citation angle was used in the measurement with SPPs
off. V4s=10 mV.

0.2

not used due to the limited durability of the SU-8 layer. Nota-
ble is that the CNT FETs made with an SU-8 dielectric layer
showed almost no hysteresis in the gate sweep curves (not
shown).?® When the laser beam was set to allow SPP excitation
(p-polarized), the current response is suppressed and shifted to
the left in Fig. 2(a). The contour plots in Figures 2(b) and 2(c)
show clearly that a shift of about 0.4 V in effective gate voltage
has taken place when turning the polarization of the laser 90°.
The temporal current response, I, With a constant Vi
and V, is slow both after turning the SPPs on, inducing a drop
in the conductance, and when the device is recovering after
turning SPPs off. We suggest that photoinduced desorption
and subsequent adsorption of molecules on the CNT FET
explain the results. A likely candidate is O,, which has been
shown to spontaneously p-dope CNTs when exposed to air.>*
We cannot rule out the possibility of desorption of other mole-
cules present in ambient conditions. However, oxygen has
been shown to have the strongest influence.® The time depend-
ence in Fig. 3 conforms well to an exponential fit in both direc-
tions, with time constants of 131 = 3 s and 343 = 3 s for the
desorption and adsorption,'® respectively, while there is no
response in current to the laser excitation when it is not pro-
ducing SPPs. The observed desorption rate is faster than meas-
ured for far field photodesorption with the same wavelength,’
even when taking into account our higher intensity. This is
consistent with the observations on the plasmon stimulated de-
sorption on metal,"” indicating SPP induced rate enhancement.
To study the energy dependence, the device was excited
with a white light source, i.e., a tungsten-halogen lamp, and
the energy of the excited SPPs was adjusted by the angle of
incidence. Figure 2(d) shows the response for SPPs of two
different approximate energies,'® compared to no SPPs. The
overall effect is much smaller than observed with laser due
to the lower intensity of the light source, i.e., 7 mW/cm?.
Also, it should be noted that the produced SPPs have a Gaus-
sian spectrum centered at the resonance wavelength. The in-
tensity coupled to SPPs was ~20 pW/cm? for both green
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FIG. 3. (Color online) A typical measurement of the current response to
laser exposure and SPP excitation controlled by polarization. Exponential
fits are provided for desorption (dotted) and adsorption (dashed). V, = —0.4
V, Vg =10mV.

(2.3 eV) and near-infrared (1.7 eV) excitation.'® We note
that all these excitation energies are significantly higher than
the binding energy of physisorbed oxygen, which is about
0.25 eV.%! However, as seen from the figure, the response
was slightly larger with higher plasmon energy, which is
expected behavior for a photodesorption effect.’

Direct photocurrent due to electron-hole—pair creation
would give the opposite effect, a fast increase in the current
response, which at no point was observed.>??> However, the
polarization of the SPPs being perpendicular to the axis of
the CNT can explain this, since the photocurrent generation
is maximized for light linearly polarized along the length of
the CNT.? Also, highest response is at energies correspond-
ing to the van Hove singularities,” so the effect should be
minimal in these measurements.

If the substrate is a semiconductor such as Si, a photovolt-
age can also be generated at the interface between the back-
gate and the dielectric,®* producing a shift in the effective gate
voltage. Here, the use of a metal backgate prevents this effect,
as evidenced by the lack of response for s-polarized laser.
Direct heating of the sample by the laser is not affecting the
conductivity of the CNT FET, as can be seen in Fig. 3. Neither
can heating by SPPs be the reason for the observations; even a
conservative estimation of temperature change in the device is
less than 1 K, changing the conductivity less than 1%.'® Note
also that such scaling of the resistance could not explain the
observed shift in effective gate voltage.>>® In addition, it has
been shown that CNTs well connected to the substrate do not
show an appreciable increase in temperature for incident far-
field light power densities up to 100 kW/cm?.*

The exact place of the molecular photodesorption, i.e., ei-
ther at the CNT-metal contact region or along the CNT itself,
is widely disputed.” The switching properties of CNT FETs
are generally dominated by the response of the CNT-metal
contact region, resulting in a Schottky-barrier transistor
instead of a bulk-switching transistor.**’ Some studies point
to strongest chemical activity on the CNT-metal contact,'" but
others show doping effects of the SWCNT itself'® or are oth-
erwise contradicting the idea of oxygen modifying the
Schottky barrier via the electrode metal work function.”® Yet,
CNT FETs connected with Pd electrodes are shown to have
lower effect, if any at all, on the desorption on the CNT-metal
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interface region.19 From our data, it cannot be determined
whether the desorption happens on the CNT or the CNT-metal
contacts, and what type of desorption process is in question.
Even though AFM imaging did not reveal obvious defects in
the CNT, the processing with ultrasonication could have intro-
duced them, providing possibly more active sites for molecu-
lar adsorption directly to SWCNT.

In summary, we demonstrated that 1.96 eV SPPs propa-
gating at an interface 50 nm below the active region of a p-
type CNT FET significantly modulate its conductivity and
induce a 0.4 V shift in the effective gate voltage. The con-
ductivity diminishing at a slow rate in response to the SPP
excitation, as well as the decreasing of the effect with lower
SPP energy can be explained by desorption of physisorbed
molecules, most likely oxygen. The effect was observed
even at low intensities and in near-IR, which is contrary to
direct photodesorption.
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ship between experimental findings (a) and (b). It also seems
to me that literature studies in general [10], and Han et al’s
article in particular [1], laid very little emphasis on the fact
that XPS not only offers oxidation-state speciation and
elemental quantitative analysis of the catalyst’s chemistry,
it directly probes the surface layers which are crucial
both to understand the chemical reaction pathway through
which the catalyst works, as well as to improve its
performance.
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We demonstrate that thin films of randomly oriented metallic single-walled carbon nano-
tubes possess optical resonances with significant dispersion. The resonances are observed
in the Kretschmann configuration as minima in reflection spectra close to 400 nm and
700 nm wavelengths. The dispersions are visible only when the material is excited with

s-polarized light, and most prominent in layers with thickness near 100 nm. We conclude

that magnetic plasmon polaritons arising from intertube interactions are a likely explana-

tion. Closeness of the M;; and M,, transition energies to the observed resonances points to
a possible coupling with excitons.

© 2013 Elsevier Ltd. All rights reserved.

Carbon nanotubes (CNTs) have gathered huge interest
due to their unique mechanical and electric properties.
However, they show great promise also for new optical nano-
structures. Due to the van Hove singularities in their density

* Corresponding author.
E-mail address: j.jussi.toppari@jyu.fi (J.J. Toppari).

of states, they have distinct optical resonances with excitonic
characteristics [1]. In addition, CNTs may also possess plas-
monic properties. In electron energy loss spectroscopy =n-plas-
mons have been observed in unsorted single walled (SW)

0008-6223/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
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CNTs showing a prominent dispersion between the energies 5
and 10eV; and =+ o-plasmons appearing similarly at 15-
25eV [2].

Despite a variety of theoretical predictions (see [3] and ref-
erences therein), few experimental results exist on optical
plasmons in CNT materials. Surface plasmon polaritons
(SPPs) excited by a commonly used total internal reflection
(TIR) setup, the Kretschmann configuration (see Fig. 1a), have
been shown to couple through an array of vertical multi-
walled CNTs [4]. In addition, composite materials of SWCNTs

(a) Detection 2

int

can show localized surface plasmon resonances (LSPRs)
dependent on tube length [5].

In this article we demonstrate dispersive and polarization
dependent optical modes excited via the Kretschmann config-
uration within a randomly oriented planar network of metal-
lic SWCNTs.

The used SWCNT materials were purchased from Nanoln-
tegris Inc. (Menlo Park, CA, USA), and consisted of arc dis-
charge produced SWCNTs with a mean diameter of 1.4 nm.
The SWCNTs had been enriched to either high metallic or
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Fig. 1 - (a) Schematics of the measurement setup utilizing Kretschmann configuration. (b) Atomic force microscope (AFM)
image of a typical thin network of metallic SWCNTs. (c) Scanning electron micrograph of a thick network of metallic SWCNTs.

All the scale bars are 500 nm.
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Fig. 2 — (a) Reflection spectra from a metallic SWCNT network (sample M2). Excitation angles are given relative to the sample
normal. (b) Dispersion curves, i.e., minimum of the dip in the reflectance spectrum as a function of a vertical component of
the wavevector, k,, measured from various metallic SWCNT film samples. M1 is measured in air, as well as embedded in
isopropanol and water; others only in air. Samples M1-M4 are roughly 100 nm thick, while M5 is only 5 nm thick.
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semiconducting concentrations (98%) using density gradient
ultracentrifugation. The material was deposited on glass
slides as described in the Supplementary material. The
formed layers consist of randomly oriented CNT networks
consisting mainly of bundles, as seen in Fig. 1b and c.
Reflection spectroscopy was performed on the SWCNT net-
works, using the Kretschmann configuration with a varying
excitation angle and a collimated white light source, as shown
in Fig. 1a and Supplementary material. The measurements
with s-polarized light showed a clear dip moving from 600 to
800 nm as the excitation angle, o, relative to the sample normal
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increased (see Figs. 2 and 3a). A similar feature was also found
around 400 nm. With p-polarized excitation no clear dispersion
was observed, and only a spectrum similar to the transmission
of the sample was visible as shown in Fig. 3a. Control samples
prepared similarly but using semiconducting (Fig. 3d) and un-
sorted (Supplementary material) SWCNTs did not display any
dispersive features.

To test the influence of the surrounding medium on the
resonances, the metallic SWCNT layers were measured with-
in additional media. When embedding the SWCNT film in iso-
propanol (n; = 1.00 — nps = 1.38), the dispersive resonances
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Fig. 3 - Intensity of reflected light as a function of the excitation angle and the wavelength for ~100 nm thick SWCNT
networks. (a) Sample M1, which has metallic SWCNTs. The observed resonances are visible with s-polarization at angles
above the TIR angle, ~ 41°. (b) M1 embedded in isopropanol. The resonances appear again with s-polarization at angles above
the TIR angle, ~65°. (c) Sample M4 with metallic SWCNTs and a 50 nm Au coating on top. Typical SPP resonance is visible at p-
polarization. (d) Sample with semiconducting SWCNTSs. Transmission spectrum for each sample is also visible on the right,
except for (b), where transmission was measured without isopropanol.
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appeared at the same energies, but with shifted and more
prominent angle dependence, as shown in Figs. 3b and 2b.
Changing the surrounding medium to water yielded similar
response (see Supplementary material). Instead, evaporation
of 50 nm of gold on top of the SWCNT film destroyed any pre-
vious dispersive resonances: only the stagnant transmission
spectrum of the SWCNTs was visible at s-polarization, and
the characteristic surface plasmon resonance of a gold layer
is seen with p-polarized excitation, as shown in Fig. 3c. The
described resonances have also a clear dependence on the
thickness of the SWCNT layer, being more pronounced near
100 nm thickness, see Fig. 4. Very thin (<20 nm) and thick
(>0.5 um) layers do not have the dispersive resonances in
their reflectivity spectra as shown in Fig. 2b, where the ob-
served dispersions of different samples and environments
are collected.

In our case the resonances are observed at s-polarization,
where the electric field of the optical excitation is parallel to
the rotation axis of the Kretschmann configuration, and
changing the angle does not affect its projection. On the other
hand, the magnetic field of an s-polarized photon is perpendic-
ular to the CNT film, and thus the angle makes a difference in
terms of momentum, and could imply a dispersive behavior.
One possible interpretation agreeing with the observed phe-
nomenon is thus magnetic resonances within the network
[6], excited by the magnetic field of the excitation light.

The thickness dependence of the resonances further
points to a collective resonance similar to electric SPPs, which
can only be excited with p-polarized light in thin metal films.
If the metal is too thin in the case of SPPs excited via the
Kretschmann configuration, the SPP will be weak because of
radiation damping into the glass. As for a thick film, the SPP
cannot be efficiently excited due to absorption in the metal.
Similar mechanics with magnetic fields could produce the
same dependence in a SWCNT film if the excitations appear

1.16
113 | 1.21 | 149 | 215 | 246 | 446 113 | 1.21 | 1.49 | 2.15 | 2.46 | 4.46

at the surface [7]. These resonances could be for example
magnetic plasmon resonances (MPR) formed due to coupling
and regular spacing of SWCNTs within bundles. In this case
the bundle acts like a lattice of nanowires with uneven end-
points [6]. Further, these resonances could enable a collective
magnetization wave to propagate at the surface of the film.
These magnetic plasmon polaritons (MPPs) are a likely expla-
nation because s-polarized MPPs have strong dispersion
whereas p-polarized ones are non-dispersive [8]. In addition
to the above thickness dependence, this interpretation is fur-
ther supported by the sensitivity to the dielectric environ-
ment, and it would also hint at a negative magnetic
permeability in the material [7]. The effective dispersion also
changes, because for very thin films at the M;; and M, tran-
sition energies only regular absorption will be visible, which
has no angle dependence.

Gap plasmon modes could also explain the observed
phenomenon. However, these modes should depend on
the length of the gap, ie., in this case the length of the
SWCNTs in bundles. To test this, a new sample was fabri-
cated out of CNTs shortened by an extensive sonication.
This resulted in a similar bundled film, but the resonances
were still at the same energies; only weakened in intensity,
most probably due to the additional amorphous carbon.
Furthermore, LSPR in catalyst metal nanoparticles left over
from the CNT synthesis would not display dispersion, and
any possible combination with CNTs would have reso-
nances dependent on the tube length. Thus, this possibility
can also be ruled out.

Notable is that the dispersive resonances around 600-
800 nm and 400 nm are close to the M;; and M,, transition
energies of metallic SWCNTs, respectively (Figs. 2b and 3a).
This raises the question whether exciton creation is causing
the optical resonances. Excitons can have momentum depen-
dence in periodic systems, but in the measured SWCNT films
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Fig. 4 - Intensity of the reflected light as a function of the network thickness and wavelength for metallic SWCNTs. Excitation
angle is 51°. Optical thickness refers to transmission intensity at 900 nm wavelength divided by the intensity at 700 nm (close
to the M;, resonance). Position refers to location on the glass sample parallel to the plane of incidence and the thickness is
measured with AFM. The transmission spectrum at right is taken at the position 4.5 mm.
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also the thickness affects the intensity of the resonance,
which is not fully consistent with an excitonic resonance.
However, an exciton-plasmon state could be responsible for
the resonances in our system [9]. Graphene sandwiched be-
tween glass and polymer has also shown to pose an excess
broadband absorption at s-polarization in TIR [10]. However,
further experimental and theoretical studies are needed to
confirm the underlying mechanism of the observed disper-
sive optical resonance.

In conclusion, we have observed a clearly dispersive opti-
cal resonance in reflection spectroscopy of metallic SWCNT
films. It appears only for an s-polarized excitation source,
and is strongest at film thicknesses around 100 nm. The
dependence of intensity and dispersion of the resonance on
the thickness and the surrounding environment is consistent
with creation of magnetic plasmons or MPPs, and the vicinity
of M;; and M,, transitions suggests that excitons may be in-
volved in the process.

This work was supported by the Academy of Finland (Pro-
ject Nos. 135193 and 218182). We thank Jaakko Koivisto for
acquiring Raman spectra. T.I. thanks the Finnish National
Doctoral Programme in Nanoscience.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.carbon.
2013.07.018.
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Mesoporous polyacrylonitrile and carbon fibers have been prepared by electrospinning and
subsequent supercritical drying and carbonization. Polyvinylpyrrolidone was used as a
template. Ambient drying, oxidation, and supercritical drying were conducted to investi-
gate the effects of treatment methods on the structure of the fibers. Interesting surface
morphologies of the fibers, including nanoconvexities and nanorods, were found when
the different drying methods were used. The surface area of the mesoporous carbon fibers
was estimated as 602.0 m? g~*, with an average pore size of 3.6 nm.

© 2013 Elsevier Ltd. All rights reserved.
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Graphene is a 2D nanomaterial having a great potential for applications in electronics and optoelectronics.
Composites of graphene with conducting polymers have shown high performance in practical devices
and their solution-processability enables low-cost and high-throughput mass manufacturing using print-
ing techniques. Here we measure the effect of incorporation of graphene into poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) to the optical anisotropy, absorbance and conduc-
tivity of the film. Uniaxial anisotropy in PEDOT:PSS films has been thought to be caused by the

{fg’) "(‘;‘%r‘lifss spin-coating process used in fabrication. We have characterized spray- and spin-coated films using ellip-
Graphene sometry and total internal reflection spectroscopy, the latter especially for films too thick and uneven for
Anisotropy ellipsometry, and show that spray-coating, similar to inkjet printing, also produces consistently anisotro-
Spectroscopy pic properties even in very thick and uneven films. Possible plasmonic excitations related to graphene are

Conducting polymer not seen in the films. The optical and electrical anisotropy of graphene/PEDOT:PSS enables routes to high

performance devices for electronics, photonics and optoelectronics.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructured carbon materials, such as graphene [1,2] and
carbon nanotubes (CNT) [3], have gathered vast interest due to
numerous desirable properties such as high and especially tunable
electrical and thermal conductivity, high tensile strength, high sur-
face area, chemical sensitivity, flexibility, transparency and light
weight. Their potential has been already proven in the fields of
electronics [1,4,5], optoelectronics and optics [5-7], materials
technology [8,9] as well as in energy technology and biotechnology
[10]. More recently CNTs and graphene in particular have also been
of interest due to their plasmonic properties [11,12].

Printing technologies offer a promising route for low-cost and
high-throughput manufacturing of flexible, lightweight and even
transparent electronic devices such as flexible displays, radio fre-
quency identification (RFID) antennas, batteries, supercapacitors
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and solar cells [13,14]. In addition, the combination of printing
technologies with disposable, non-toxic organic molecular materi-
als offers a route towards green electronics [15]. The nanostruc-
tural carbon materials and their composites with polymers are
promising solution-processable materials, e.g., for supercapacitor
electrodes [16,17].

Poly(3,4-ethylene dioxythiophene) (PEDOT) is a low band-gap
conjugated conducting polymer with a high charge mobility and
good stability. It has a poor solubility, but when poly(styrene sul-
fonate) (PSS) is used as a counterion, it forms a stable dispersion
that can be used to produce films with high conductivity and good
transparency in the visible region. [18, p. 113] Due to these prop-
erties it has found widespread usage, particularly as a transparent
electrode material and as an antistatic agent [18].

It has been shown that spin-coated PEDOT:PSS films display
anisotropic properties, both optically as a uniaxial refractive index
as well as in their electrical conductivity. The conductivity in the
direction parallel to the film can be 500 times higher than perpen-
dicular to the film [18, p. 133]. These anisotropic features have
been explained as being caused by PSS-rich regions lying parallel
to the film [19]. Electrostatic mist deposition also produces aniso-
tropic PEDOT:PSS thin films, even before baking [20]. The choice of
substrate, especially the surface roughness, has a significant effect
on the structure of PEDOT:PSS thin films. Uniaxial anisotropy is
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stronger when the deposition has been done on a very smooth sur-
face such as crystalline silicon [21].

The optical anisotropy is a highly desired feature in PEDOT:PSS
based optoelectronic devices such as polymer based light-emitting
diodes and photovoltaic devices [22]. For instance, the photovoltaic
performance of crystalline silicon/organic heterojunction solar
cells was enhanced by increased anisotropy of PEDOT:PSS film
[23].

Due to their enhanced electronic and optical properties,
graphene and polymer/graphene composite films are promising
materials for photonic and optoelectronic devices [6], for example
ultra-fast lasers [24]. PEDOT:PSS/graphene has been used as
low-cost counter electrode material for high performance
dye-sensitized solar cells (DSSC) [25]. Very recently, large scale
synthesis of PEDOT:PSS/graphene was demonstrated using in situ
polymerization and the composite was used for the fabrication of
thermoelectric and DSSC devices for energy harvesting applica-
tions [26].

PEDOT:PSS/graphene is a promising alternative also for conven-
tionally used transparent and conductive coatings such as com-
mercial indium-tin-oxide (ITO) films. Further, the solution
processability of PEDOT:PSS/graphene allows for low-cost and high
throughput fabrication making it interesting material for flexible
and transparent optoelectronic devices such as a flexible display,
solar cell and sensors. For example, printed PEDOT:PSS/graphene
films have been used as stretchable [27] and transparent [28,29]
electrodes.

Despite all of the above, optical properties of conductive poly-
mers incorporating graphene have not been widely studied, even
though optical characterization and analysis of these composites
is a prerequisite to be able to design high performance optoelec-
tronic devices. Here, we present analysis of optical properties of
a PEDOT:PSS/graphene composite using ellipsometry and reflec-
tion measurements in total internal reflection conditions. The
obtained results are compared with results from bare PEDOT:PSS
films. In addition, the results of reflectance measurements are
compared with the results from simulations based on experimen-
tal data from the literature.

Films that are thick, highly absorbing or uneven are not favor-
able for ellipsometry. However, angle-dependent spectroscopy in
total internal reflection (TIR) conditions can provide a stronger
and more reliable signal in these cases. TIR absorption spec-
troscopy is usually used to measure absorption for a very small
amount of material, because the evanescent wave at the TIR inter-
face only reaches about 100 nm beyond the interface, and the spec-
troscopic signal comes from this region. When used on a thin metal
film in plasmonics, this setup is also referred to as the
Kretschmann configuration. It thus reveals simultaneously the
interference patterns as well as possible plasmonic excitations.

The setup can also be used when the TIR conditions are not
completely met, and in our case we determine anisotropy from
the difference of s- and p-polarization in reflectance. Measuring
the reflectance with different polarizations of incoming light yields
information about the anisotropy of the film due to its influence on
thin-film interference [30]. This has usually been used in the case
of an anisotropic film with perpendicular beam incidence, when
it is known as reflection anisotropy spectroscopy [31].

2. Experimental
2.1. Solution-processable materials
Two different solution processable materials were used for the

fabrication of thin films using spin- and spray-coating methods.
PEDOT:PSS ink (Clevios PH500 solution purchased from H.C.

Starck GmbH) is an aqueous dispersion with the PEDOT:PSS ratio
of 1:2.5 by weight. The product is a blue dispersion of PEDOT:PSS
containing organic solvents and polymeric binders with a solid
content of 1.0-1.3 wt.%. The PEDOT:PSS ink viscosity is 8-25 mPas.

PEDOT:PSS/graphene ink (Phene +13015 transparent inkjet
conductive ink purchased from Innophene Co., Ltd.) is an aqueous
dispersion containing 15wt.% PEDOT:PSS polymer, 15wt.%
graphene, 5-10 wt.% diethylene glycol and 1-5 wt.% ethanol. The
PEDOT:PSS/graphene ink has a solid content of 0.6 wt.%, its viscos-
ity is 7.2 mPas and the conductivity is given as 300 S/cm. The gra-
phene flakes are homogeneously dispersed in the polymer matrix
[27]. For some PEDOT:PSS/graphene samples ultrasonication
(Elma S120H Elmasonic 1000 W, 90 min) was used on the ink
before applying it on the substrate. This was done to check for
any possible effects resulting from breaking down the graphene
flakes within the ink.

2.2. Preparation of films

The PEDOT:PSS and PEDOT:PSS/graphene films were produced
with a spray-coating process. Glass substrates (Prdzisions Glas &
Optik Selected White Float glass, 20 x 20 x 1.25 mm, n=1.52)
were cleaned with acetone and isopropanol. The spray-coating
was done using a Silverline airbrush perpendicularly on the sub-
strate at a distance of 10 cm operated with standard compressed
(1 bar) air. The substrate was on a hot-plate at 115 °C, and the
spray-coating was done slowly to avoid the formation of any visi-
ble droplets. For comparison, some samples were instead
spin-coated at 2000 or 6000 rpm. Deposited PEDOT:PSS films were
baked in an oven at 100 °C for 6 min and PEDOT:PSS/graphene
films at 120 °C for 10 min. The samples were stored in ambient
conditions.

2.3. Characterization of the films

The sheet resistances of the thin films were obtained with a
four-point probe measurement setup. The probe included four
electrodes with mercury contacts in a line with probe separation
of 2.5 mm. A Keithley 2456 Sourcemeter was used to drive a con-
stant current of 0.1 mA (except 1 pA for samples with square resis-
tances over 100 kQ) to the outer electrodes and to measure the
voltage at the inner electrodes. Five measurements were averaged
for each sample, using the standard error of the mean, and the
sheet resistances were calculated depending on the dimensions
of the samples [28].

Thickness and topography of the films were characterized using
a Veeco Dimension 3100 atomic force microscope (AFM). Scanning
electron microscopy (SEM) was done on cut surfaces of the poly-
mer films on a silicon substrate with a Raith e-Line 50 system.

The optical reflection measurements were performed in a TIR
configuration depicted in Fig. 1. Measured incidence angles ranged
from 13° to 74°, extending across the TIR angle of 41° for a simple
glass-air interface. The glass slides with polymer layers on top
were mounted on a flat face of a hemicylindrical prism with index
matching oil (Zeiss Immersol 518F, n = 1.518). The angle of the col-
limated excitation light (220 W Oriel tungsten-halogen lamp) was
tuned with a goniometric prism mount, and the reflected light was
collected to an optical fiber and fed to a spectrometer (Jobin Yvon
iHR320) equipped with a CCD camera (Jobin Yvon Symphony
CCD-1024X256-0OPEN-STE).

Absorbance measurements were done with a PerkinElmer
Lambda 850 UV/VIS Spectrometer. The transmission data were
normalized in respect to the empty glass substrate, and the absor-
bance is presented as the average absorption at wavelength range
400-700 nm.
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Fig. 1. Schematics of the total internal reflection setup and geometry used in the
experiment.

Variable-angle spectroscopic ellipsometry (VASE) measure-
ments were done with a J.A. Woollam M-2000UI ellipsometer. As
the measured films were on glass substrates, the second glass
interface was covered with black paint to eliminate reflections
from it.
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Fig. 2. AFM micrographs of flat surfaces of spray-coated films of (a

(b) 2150 + 150 nm thick PEDOT:PSS/graphene, r; = 5.7 nm (B-9), and corresponding spin-coated films of (c) 29 & 1 nm thick PEDOT:PSS, ry =

thick PEDOT:PSS/graphene, ry =
300 nm.

(a)
(c)

3. Results and discussion
3.1. Film morphology and conductivity

Details of the fabricated samples, including sample
names/codes (starting with ‘A’ for PEDOT:PSS films, ‘B’ for
PEDOT:PSS/graphene films and ‘C’ for PEDOT:PSS/graphene films
with presonication), film thickness d, root mean square roughness
rgina 1 pum x 1 um area and sheet resistance Rs, are presented in
Table S1 in Supplementary material. The spray-coated films
are typically about ten times thicker than spin-coated films
(340-2100 nm versus 29-77 nm).

AFM images of typical spray- and spin-coated films are pre-
sented in Fig. 2a-d. It can be noticed that the PEDOT:PSS/
graphene films have typically higher roughness than bare
PEDOT:PSS films, which is particularly noticeable in spin-coated
films. This can result from the presence of graphene flakes which

(b)

(d)

x>

) 2100 + 100 nm thick PEDOT:PSS, root mean square roughness for the image area r, = 4.5 nm (A-9) and

0.96 nm (A-S1), (d) 34 +£ 5 nm

3.1 nm (B-S1). SEM micrographs at 5 KV acceleration voltage of cut surfaces of (e) PEDOT:PSS and (f) PEDOT:PSS/graphene. All scale bars are
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could prevent relaxation of the ink surface during the deposition
process.

Spray-coated samples expectedly have a much higher rough-
ness than the spin-coated ones, especially when considering large
areas. Because film thickness measurements were done with AFM
on one 10 um long cut interface for each film, and the uncertainty
is estimated from this measurement, the thickness values for a
whole spray-coated sample may have even higher variations than
those presented.

SEM images of cut edges of droplet-deposited polymers are pre-
sented in Fig. 2e and f. The presence of flakes can be observed in
the PEDOT:PSS/graphene film. However, some layered edge forma-
tion also appears in the bare PEDOT:PSS film.

The addition of graphene into the PEDOT:PSS film had a clear
effect on the properties of the film. The most remarkable effect
was observed in the conductivity. For instance, a 550 nm thick
PEDOT:PSS/graphene film has a sheet resistance of 61 + 12 Q/sq,
which is less than 1% of the sheet resistance of a similar bare
PEDOT:PSS film, i.e., 10.8 £+ 1.2 kQ/sq (see Table S1 and Fig. S1 in
Supplementary material). Spray-coated bare PEDOT:PSS had a
conductivity at 0.8 + 0.3 S/cm, while PEDOT:PSS/graphene had a
conductivity of 310 & 40 S/cm. PEDOT:PSS/graphene with 90 min
of sonication had an unchanged conductivity of 320 4 60 S/cm.
The conductivities were determined by linear fits for films of dif-
ferent thicknesses (Fig. S3 in Supplementary material). As
expected, there is a linear dependence between increasing film
thickness and increasing conductivity in the deposited films.
However, in spray-coated PEDOT:PSS, this linear dependence is
not very clear. Thin spin-coated samples have lower conductivities,
0.104 + 0.013 S/cm for PEDOT:PSS (29 and 77 nm thick films) and
130 + 30 S/cm for unsonicated PEDOT:PSS/graphene (34 nm thick
film).

3.2. Absorption measurements

It can be noticed that the optical absorption increases linearly
with the thickness of the film and decreases as a function of sheet
resistance (see Figs. S2 and S4 in Supplementary material). The
absorbance used here is defined in Section 2.3. (roughly compara-
ble to absorbance at 550 nm) and representative transmittance
spectra are shown in Fig. S8 of the Supplementary material.
Fitting a linear dependency on absorption as a function of
thickness one obtains an absorption per film thickness of
0.46 + 0.05 1/um for spray-coated PEDOT:PSS, while PEDOT:PSS/
graphene had a clearly lower value at 0.27 4+ 0.03 1/pum.
Sonicating PEDOT:PSS/graphene for 90 min had no clear effect on
this, producing films with 0.28 +0.05 1/um absorption. For
spin-coated samples the absorption values were somewhat
lower, 0.38 +0.03 1/um for two PEDOT:PSS samples and
0.14 £0.03 1/um for one (not sonicated) PEDOT:PSS/graphene
sample.

The optical absorbance in a similar PEDOT:PSS/graphene ink has
been shown to have a linear relationship with graphene content
[32]. In light of this, the measured higher absorbance of plain
PEDOT:PSS is surprising, but the compositions of our measured
inks are not directly comparable.

3.3. Reflection measurements

Results from the reflection measurements are shown in Fig. 3
for some of the samples (more data in Supplementary material in
Figs. S5-S7). Clear interference patterns are visible in all of the
samples, and with both polarizations. The anisotropic optical prop-
erties of the films are clearly visible as different positions and
depths of the destructive interference resonances at s- and
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Fig. 3. Reflection spectra for spray-coated films measured in total internal reflection conditions. (a) PEDOT:PSS, 500 nm thick (A-3), (b) PEDOT:PSS/graphene, 550 nm thick
(B-4), (c) PEDOT:PSS/graphene, 560 nm thick, sonicated 90 min to reduce flake size (C-1). Upper row s-polarization and lower row p-polarization. Intensity of spectra below

41° angles are not to scale.
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p-polarizations. In addition, inclusion of graphene enhances the
resonances and anisotropy between the polarizations, and sonica-
tion does so even further, as more clearly visible in Figs. S5-S7.
However, in case of the sonication, stronger interference reso-
nances are most likely due to smoother film surfaces.

Collective optical excitations with angle-dependent resonances
that cannot be explained by interference were found on thin films
of single-walled metallic carbon nanotubes [12], but not seen in
PEDOT:PSS or PEDOT:PSS/graphene films. The lack of this kind of
plasmonic behavior, which might suppress optical signals,
increases their viability for optoelectronics applications. The opti-
cal excitation in TIR conditions can easily reach through a
pm-scale PEDOT:PSS/graphene film, as can be seen in Fig. S7f of
the Supplementary material. In this case, surface plasmon polari-
tons (SPP) were excited on a 50 nm gold film through a 1280 nm
thick PEDOT:PSS/graphene layer, which can be seen in the
observed SPP dispersion.

3.4. Ellipsometer measurements

For spray-coated samples, the ellipsometric model used to fit
the VASE data utilized uniaxial anisotropy with the perpendicular
and parallel components using multiple Lorenz functions [33]. In
cases where different thicknesses of the same material were mea-
sured, a coupled model has been used. The ellipsometry fits of the
spin-coated samples were done with a model that allowed n and k
values to vary independently. Fig. 4 shows the fitted real parts n
and imaginary parts k of the refractive index in both horizontal
and vertical directions for the PEDOT:PSS and PEDOT:PSS/
graphene samples. The results show clear anisotropy in all the
cases, but the effect of graphene is only minor. Note: the displayed
curves have been smoothed using a cubic function to remove ran-
dom noise in the calculated data.

The fitted functions of the refractive indices reveal that
PEDOT:PSS films that include graphene have a slightly different
optical response (Fig. 4a and b), but the difference is not significant
based on ellipsometry measurements. Spray coating, like spin
coating, also produces highly anisotropic films, contrary to
earlier assumptions [22]. Even though ellipsometry is not very
reliable in the case of a thick and rough spray-coated sample,
anisotropy in the films is clearly visible here (Fig. 4c, Fig. S9 in
Supplementary material).

For very thin (spin-coated) samples the mean square error
(MSE) of the ellipsometry fits is 1.7 (Fig. 4a) and 1.4 (Fig. 4b), which
is a good fit. For thick (spray-coated) samples the MSE is higher, of
the order 20. In both cases the general shape and trend of the
resulting material parameters are reasonably stable.

3.5. Simulations

To compare ellipsometric measurements with reflectometry,
the reflection spectra were simulated using Comsol Multiphysics
5.0, a commercial implementation of the finite-element method.
The developed model calculates the reflectance of an infinite plane
wave incident on the air/film/glass interface. The model was
reduced to a 2D geometry to speed up the calculation.

The simulation domain was 0.1 um by 6.5 pum and contained
644 mesh elements. 12 h of calculation time was used to generate
the data in Fig. 5 on a cluster using 48 Intel Xeon X5650 processors.
The resolution of the images in Fig. 5 is 201 x 131 points (wave-
length and angle, respectively). The anisotropic refractive indices
needed for the simulations were obtained from spectroscopic ellip-
sometry measurements.

The results were verified in the case of s-polarized light by com-
paring them to isotropic simulations performed with the transfer
matrix method that we implemented with Matlab. This is possible

because the s-polarized incident light only experiences the refrac-
tive index component parallel to the film.

Uniaxial anisotropy can be seen as shifting of the thin-film
interference fringes. At p-polarization the effective refractive index
is higher because the perpendicular direction component of the
refractive index affects this polarization. This results in the
decrease of distance between the fringes at a certain incidence
angle compared to s-polarization, and the movement of specific
maxima and minima to longer wavelengths [30]. The change in
refractive index as a function of wavelength can be seen in the cur-
vature of the interference fringes.

For spray-coated samples the simulations (Fig. 5) match mea-
surements (Fig. 3) reasonably well in terms of locations of the
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Fig. 4. Refractive indices n and extinction coefficients k for both parallel and
perpendicular directions of thin films acquired from ellipsometry fits. (a) Spin-
coated PEDOT:PSS (combined result from samples A-S1 and A-S2). (b) Spin-coated
PEDOT:PSS/graphene (only B-S1). (c) Spray-coated PEDOT:PSS/graphene, sonicated
for 90 min (combined result from six samples, C-1 to C-6).
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Fig. 5. Reflection spectra in total internal reflection conditions, simulated from ellipsometry data. (a) PEDOT:PSS, 500 nm thick, refractive index from spin-coated samples

[22]. (b) 560 nm thick PEDOT:PSS/graphene, uses data from Fig. 4c.

interference resonances. Inconsistencies are mostly due to the
roughness and relatively high absorbance of the thin films, which
produce difficulties in getting reliable ellipsometry data. This
reveals the power of reflective measurements in this case.

4. Conclusions

Using variable-angle total internal reflection spectroscopy, we
have found that spray-coated films of PEDOT:PSS on glass have a
high degree of optical anisotropy at longer wavelengths in the
infrared region. For spin-coated thin PEDOT:PSS films the anisotro-
pic structure has been previously thought to have been caused by
the spin-coating process, which would align the PSS-rich regions of
high conductivity along the film plane [22]. Our measurements
show that an alternative mechanism produces anisotropy in
spray-coated films of all measured thicknesses. Previous aniso-
tropy measurements with ellipsometry have only been done on
sub-200 nm films, while our TIR measurements show clear aniso-
tropic features in interference up to thickness of 2.5 pum. The addi-
tion of graphene to PEDOT:PSS greatly increases the conductivity
of the films, but the optical anisotropy shows only minor enhance-
ment on the thick films. The refractive index functions do not show
significant differences between measured inks with and without
graphene. TIR absorbance measurements show a clear advantage
over ellipsometry in assessing thin film anisotropy in cases where
the film is thick or uneven. Optically and electrically anisotropic
graphene/PEDOT:PSS films have a wide range of applications in
electronics, photonics and optoelectronics.
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