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Chapter 1

Introduction

1.1 Nanoscience and Nanotechnology

Nanoscience, al though at the front of modern cutting-edge research, is not a new
phenomena, but dates back as far as to Roman times. Perhaps the most famous
example of how nanotechnology was used to enhance glassware is the Lycurgus
cup [1]. By embedded nanoparticles the cup assumes a green color if light is
shone from the outside, but a red color if the light source is located inside the
cup.

However, nanoscience as a field of research was not founded until many years
later, namely in 1959 in a speech by physicist Richard Feynman, where he stated
the now famous words: "There is plenty of room at the bottom". Since then this
field has experienced a booming development.

Nanoscience, sculpturing with atoms [2], inspired a new way of thinking,
where technological devices can be build bottom-up instead of top-down. This
new technology required new tools in order to see and manipulate these miniature
structures. As a result the electron microscope and the atomic force microscope
was developed.

Nanoscience in its essence represents the fundamental research of molecules
and structures of dimensions 100 nm or less. This field of nanoscience is truly
interdisciplinary in the sense that it brings together scientists from physics, chem-
istry and biology. At the nanoscale the physical properties of a material may be
very different than properties of the material in bulk [3]. Nanotechnology is the
field where this diverse knowledge is put to use to design and develop devices at
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the nanoscale. A continuous miniaturization in the semiconductor industry has
fueled the development of yet smaller, however, still reliable and efficient devices.

1.2 Carbon Nanotubes

Carbon nanotubes are part of the family of fullerens [4] and can be viewed as
a sheet of graphene [5] rolled up to a cylinder of a diameter as small as 1 nm,
see figure 1.1. Depending on how the graphene sheet is cut when rolling it up,
the nanotube will end up with a certain chirality [6]. This is a property of the
carbon nanotube which determines its electrical and optical properties. There
are over 300 different chiralities of nanotubes. The chirality will determine if the
nanotube is metallic or semiconducting.

First discovered in 1991 by Ijama [7], carbon nanotubes have experienced an
intense research interest in fields from physics and material science to medicine.
Significant advances such as controlled synthesis [8-10], observation of photolumi-
nescence [11] and gate-defined quantum dots [12] have al ready been made. The
first carbon nanotube transistor was created in 1998 [13,14] and the first reports
on light emission from a carbon nanotube transistor followed in 2003 [15].

In the early 1990’s the main questions were: "can we make single-walled
carbon nanotubes?" and "would they be interesting structures to work on?". Once
R. Saito introduced the concept of varying metallicity and semiconductivity in
carbon nanotubes [16], this concept was so exceptional that the community for
a very long time did not believe him. We now know that this is one of the most
exciting properties of nanotube research and what makes the nanotube research
so rich.

The field of carbon nanotube optics was born a few years later and has sim-
ilarly matured severely in the last years. In early 2000’s, when excitons were
discovered in carbon nanotubes, the main question circulating was: "excitons, do
we need them?". We now know that excitonic effects completely dominate the
nanotube optical response. The community thereafter investigated dark excitons,
trions, quantum optics and photovoltaics.

In spite of these remarkable advances made, there is still several challenges
that remains. One of the most pressing ones is the nanotube chirality. If one
would like to scale up the production of carbon nanotubes to levels of interest for
industry, the fact that carbon nanotubes come in several chiralities, each with
different electrical and optical properties, poses a big obstacle. Today, a lot of
research effort goes into the study of chirality selective synthesis [17] as well as
post-synthesis selection and purification techniques [18,19].
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1.3 Research Scope

Light-matter interaction has intrigued scientists and engineers for generations.
At the nanoscale the principles of interaction between light and matter, down to
the scale of single photons and single electrons, exhibit exotic behavior, which
can differ substantially from macroscopic systems.

In this thesis we have studied light-matter interaction in carbon nanotubes.
As nanotubes exhibit large mobilities and current carrying capabilities [20, 21]
and at the same time are optically active materials [6] they provide an optimal
platform to combine optics and electronics. Their large aspect ratio makes them
ideal systems to study one-dimensional effects. The system of choice in this thesis
is an ultra-clean carbon nanotube, which enables us to study physics originating
from the carbon nanotube itself instead of for example impurities, with a p-
n junction incorporated. A p-n junction is the fundamental building block in
optoelectronic devices.

We employ the scanning photocurrent microscopy (SPCM) technique to mon-
itor the spatial development of the photoresponse as a function of charge carrier
doping, as well as study the photocurrent response in the near infra-red part
of the spectrum. By probing specific optical resonances we can gain informa-
tion about physical properties of the carbon nanotubes, such as their dielectric
constant and absorption coefficient. We then continue to show that these opti-
cal resonances also can be of great interest for designing optoelectronic devices,
such as solar cells, based on carbon nanotubes. Thereafter this thesis contin-
ues by going to the bottom of which physical mechanism is responsible for the
photocurrent generation in carbon nanotubes and we here expand our research
further by considering both semiconducting and metallic carbon nanotubes. Fi-
nally we use the technique of photocurrent imaging on a related material system
(MoS3) to establish the photocurrent generation mechanism also in this material
system.

1.4 Thesis Outline

In chapter 2 the basic physics of carbon nanotubes will be outlined. Thereafter
a more detailed description of the optical properties of carbon nanotubes will
follow as well as a review of p-n junction physics.

In chapter 3 the fabrication scheme and growth process of the individu-
ally suspended carbon nanotube devices will be described. The experimental
setup used for the measurements will be presented as well as a standard post-
measurement analysis technique used.

Chapter 4 describes an experiment on a carbon nanotube where the scanning
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Figure 1.1: Carbon nanotubes. (a) Atomic force microscopy image of a carbon
nanotube, (b) Scanning tunneling microscopy image of a carbon nanotube (c) Schematic
of a carbon nanotube. Figure adapted from ref [22].

photocurrent microscopy technique was employed to study the emergence of a p-
n junction as a function of charge carrier doping. This chapter introduces our
devices and measurement technique and demonstrates the high level of control
and tunability of our system.

In chapter 5 we use polarized photocurrent spectroscopy to address the opti-
cal resonances in our carbon nanotube. From the polarization dependence we can
extract a dielectric constant for the semiconducting nanotube and from the pho-
tocurrent enhancement on the optical resonances we can estimate a lower limit
for a quantitative number for the absorption coefficient in a carbon nanotube.

Chapter 6 shows how these resonances can be used for efficient energy con-
version in carbon nanotube photovoltaic devices.

Chapter 7 presents a study of the underlying physical mechanism behind
photocurrent generation in carbon nanotubes. It is shown that the photocurrent
originates from the photothermal effect in metallic carbon nanotubes, while it in
semiconducting nanotubes is a result of the photovoltaic effect.

In chapter 8 the photocurrent generation mechanism in a semiconducting
nanotube is further explored under various experimental conditions.

In chapter 9 photocurrent has been used to study a single 2-dimensional
sheet of MoSs. It is found that the photocurrent in MoSy comes from the pho-
tothermoelectric effect and a large and tunable Seebeck coefficient is measured
for the single-layer MoSs device.

In chapter 10 some concluding remarks are presented, together with an out-
look and possible future directions of this field of photocurrent on carbon mate-
rials.
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Theory of Carbon Nanotube
Optoelectronics

This chapter introduces some theoretical concepts which lay the foundation for
the rest of this thesis. First the electronic band structure of carbon nanotubes
are worked out from the band structure of graphene. Thereafter the optical
transistions which occurs in carbon nanotubes will be outlined and we will learn
about the strong excitonic nature in nanotubes as well as the radiative and non-
radiative recombination pathways. We then discuss the carbon nanotube p-n
junction and how this can be realized by remote doping, before we finish by
discussing the concept of photocurrent.
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2.1 Electronic Band Structure of Carbon Nan-
otubes

Carbon nanotubes are one-dimensional objects, consisting of a rolled up sheet of
graphene. They belong to the carbon family together with the zero-dimensional
fullerens, the two-dimensional graphene and the three-dimensional diamond struc-
ture. Carbon nanotubes exists as multiwalled nanotubes, first discovered in
1991 [1] with a diameter of ~10 nm or larger, and as single-walled carbon nan-
otubes, discovered two years later [2,3] with a diameter of ~1 nm.

To deduce the band structure for carbon nanotubes it is instructive to start
from the band structure of graphene. However, before discussing the electronic
band structure, we will begin by reviewing the crystallographic structure of car-
bon nanotubes.

2.1.1 Crystallographic Structure of Carbon Nanotubes

To construct a carbon nanotube we start from a single graphene layer. The atoms
in the graphene are arranged in a hexagonal honeycomb pattern, with a carbon-
carbon bond length, a, of 0.142 nm. A schematic of the carbon honeycomb
lattice can be found in figure 2.1. The hexagonal lattice can be described as two
sublattices with atoms A and B. A unit cell can be defined to contain two atoms
(A and B), see figure 2.1a. The lattice vectors are a; and ay and the lattice
constant a; = v/3a = 0.246 nm. In the reciprocal space the lattice becomes
rotated 90° and the lattice vectors are b_f and b_2>, shown in figure 2.1. Any point
in the lattice can be reached by a combination of n - a; + m - as unit vectors
from a defined origin. A vector, C, which connects the point (n,m) with the
origin (0,0) is called the wrapping vector. Once the carbon nanotube is rolled up
the wrapping vector goes around the circumference of the tube so that the tip
and tail of the vector meet. As illustrated in figure 2.2a the angle between the
wrapping vector, C, and a; (top arrow in figure 2.2a) is called the chiral angle,
0.

Depending on how the graphene sheet is rolled up, the orientation of the car-
bon nanotube axis with respect to the graphene crysal axis will differ. This gives
the carbon nanotubes a specific chirality, or (n,m) index. Each (n,m) combination
corresponds to a chiral angle 6 and a specific nanotube diameter, d, according
to [4,5]:

0 = arctan [\ﬂ3)m/(m + 2n)} (2.1)
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Figure 2.1: Carbon lattice. (a) The honeycomb lattice in real space. The two
sublattices A and B are indicated, together with the two lattice vectors a1 and az. (b)
The lattice in reciprocal space. The two corner points K and K’, and the reciprocal
lattice vectors b1 and b are indicated.

OSOSE=E
. ..6 <

C=na,; +ma,

(n,0) zigzag

Figure 2.2: Construction of carbon nanotubes. (a) The chiral angle  at which
the graphene sheet is cut defines the chirality (n,m) of the carbon nanotube. (b)
Examples of carbon nanotube geometries. Top: armchair, middle: zigzag and bottom:
a chiral carbon nanotube. Figure adapted from ref [5].

d:C/W:g\/rﬂ—&—mz—l—nm. (2.2)
T

The chiral index determines if the nanotube is semiconducting or metallic. There
are also two directions in the graphene lattice that generates non-chiral nan-
otubes. One is the (n,0) direction, which is called zigzag, and the other is the
(n,n) direction, which is called armchair. Armchair nanotubes are always metal-
lic. All other combinations of (n,m) gives chiral nanotubes. The origin of the
names is illustrated in figure 2.2b.
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conduction
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Figure 2.3: Band structure of graphene. The energy dispersion of graphene as a
function of wavevector k. The conduction and valence bands meet at the six K-points.
Figure adapted from ref [6].

2.1.2 Band Structure of Graphene

Carbon atoms have four valence electrons in its outer shell. Three of these elec-
trons form van der Waals bonds to the neighboring atoms in the plane in the
honeycomb lattice, generating a sp? hybridization. The fourth electron occupy
the p, orbital, oriented perpendicular to the graphene plane. These electrons
form delocalized electronic states called m-bonds. Only these delocalized elec-
trons contribute to the electronic properties of the graphene and the carbon
nanotubes. These electronic properties can be described with a tight-binding
model for graphene [4,5].

Starting in the reciprocal lattice, the first Brillouin zone is hexagonal and
at its’ corners the conductance and valence band touch, as shown in figure 2.3.
These corner point are called K-points and consists of two inequivalent points, K
and K’. The energy dispersion in the vicinity of these K points is conical, making
graphene a semimetal or a zero bandgap semiconductor.

2.1.3 Band Structure of Carbon Nanotubes

As we roll up the graphene layer to a carbon nanotube, we find that the mo-
mentum dispersion becomes quantized. We now consider a coordinate system
for the momentum vector, k, with one component, k|, pointing along the car-
bon nanotube axis, and one component, k| , pointing around the nanotube axis.
The (kj,k1) coordinate system is rotated with respect to (k.,k,) by the chiral
angle 0. The k,; vector becomes quantized due to the small diameter of the
carbon nanotube (while k| remains continuous, assuming infinite length of the
nanotube) [4].

This results in discrete lines in the momentum dispersion of a carbon nan-

10
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Figure 2.4: Electronic band structure of carbon nanotubes. The quantized
wavevector k results in a set of discrete states, indicated with red lines. Each line
correspond to a subband. (a) When these lines pass through the K points they will
cut through the middle of the conical energy dispersion in (b) and result in a zero
band gap (metallic) nanotube, shown in (c). When the allowed k-lines do not pass
directly through a K point, as in (d), the cut through the energy dispersion will have
an offset from the centre, shown in (e). (f) This will result in a band gap, E; in the
(semiconducting) carbon nanotube.

otube, that intersects the energy dispersion of the graphene sheet:

Ak wd = 27. (2.3)

Figure 2.4 illustrates this concept. If one of these quantized k-lines (shown in
red) goes through a K point the carbon nanotube will have a conical energy
dispersion, similar to graphene, and be metallic in nature (figure 2.4a-c). If no
line passes exactly through a K point (2.4d) they will cut the conical energy dis-
persion of graphene (2.4e) and the carbon nanotube will have a band gap and
become semiconducting. The band gap, E, will be determined by the distance
between the K point and the closest k| -line, This means that for semiconducting
carbon nanotubes the band gap is inversely proportional to the nanotube diame-
ter, independently of chirality [7]. The relation between band gap and nanotube
diameter can be determined as:

Fyap = 200/ (V3d) = 7 (2.4)

11
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Energy (EA)

Figure 2.5: Density of states for a metallic and a semiconducting carbon
nanotube. (a) Left: band structure of a (6,6) armchair nanotube. The corresponding
density of states are shown on the right with the separation between the first two
subbands indicated as AFEs,;. (b) Band structure (left) and density of states (right) of
a (7,0) zigzag nanotube. The band gap which arise in the density of states is indicated
as AFEgqp. Figure adapted from ref [10].

where a is the lattice constant and vy = 2,9 €V is the transfer integral from the
tight binding model for graphene [4,5].

The metallicity of carbon nanotubes can be deduced from n - m = 3q, where
q is an integer. If q is not an integer the nanotube is semiconducting. This
results in 1/3 of all nanotube species being metallic in nature and 2/3 being
semiconducting [8].

2.1.4 Density of States

From the band diagram the density of states of a carbon nanotube can be cal-
culated. Figure 2.5 shows the band structure and density of states for a metallic
and a semiconducting carbon nanotube. The band crossing at the Fermi level in
figure 2.5a gives rise to a non-zero density of states for this (6,6) armchair carbon
nanotube. For the (7,0) zigzag semiconducting carbon nanotube in figure 2.5b
the band structure has a gap around the Fermi level, which translates to the
density of states. In the density of states a number of peaks arise at the edges
of the sub-bands. These peaks are called van Hove singularities and have been
shown to have a large impact on the optical properties of carbon nanotubes [9].
The energy between the two lowest singularities in the metallic nanotube has
been defined as A Fy,;, while for the semiconducting nanotube it is defined as the
nanotube band gap, AE, [10].

12
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Figure 2.6: Optical transitions in a carbon nanotube. (a) The E11 (E22)
transition occur between the first (second) subbands. (b) The E12 and E21 transition
occurs between subbands of different index.

2.2 Optical Transitions in Carbon Nanotubes

In a first simple model optical transitions in carbon nanotubes take place between
subbands of the same or different index. For example, if a transition occurs
between the first valence band and the first conduction band it would be indexed
E11. Similarly E22 (E12) occurs between the second (first) valence band and
the second conduction band. These transitions are schematically illustrated in
figure 2.6. For a more detailed explanations of when the different transitions
occur, please see chapter 5.

In many bulk material systems, optical transitions are band-to-band transi-
tions explained by single particle physics. In low-dimensional material systems
the optical properties are typically governed by many-body effects. A carbon
nanotube is an almost ideal one-dimensional system and hence exhibit a very
strong Coulomb interaction [11,12]. This Coulomb interaction is the reason the
optical properties of carbon nanotubes are dominated by excitons [11].

Because of this large Coulomb interaction, the exciton binding energy in car-
bon nanotubes can be of the order of 1/3 of the band gap. With exciton binding
energies that can approach 1 eV, excitonic physics in carbon nanotubes can be
readily observed at room temperature [9].

2.2.1 Excitons in Carbon Nanotubes

The Coulomb interaction consists of one attractive potential which binds the
electron and hole together as an exciton. This attractive potential gives rise to
the exciton state with a lower energy than the free electron-hole state, illustrated
in figure 2.7a. This results in a red-shift of the optical band gap for the carbon
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Figure 2.7: Excitons in carbon nanotubes. (a) With two-photon absorption
measurements experimental evidence could be provided for the excitonic picture of
optical transitions in carbon nanotubes. Figure adapted from [14]. (b) Simulated
exciton wave functions for a (8,0) carbon nanotube. The total spatial extension of the
exciton has a radius of about 2,5 nm. Figure adapted from [12].

nanotube [13]. The large exciton binding energy (as discussed above) can be
visualized using a standard expression:

*
By, = —13.6eV (6—0)2 (2.5)
mo €

where m* is the effective mass, mg the free electron mass, ¢g is the permittivity
of vacuum and e the nanotube dielectric constant [11]. The dielectric constant
expresses the screening of the Coulomb interaction. In a one-dimensional material
such as carbon nanotubes this screening is weak, which increases the binding
energy. Chapter 5 presents experimental results on determining the dielectric
constant of a carbon nanotube.

Experimental evidence of the excitonic nature of the optical transitions in
carbon nanotubes was realized with a two-photon absorption measurement [14],
shown in figure 2.7a. The spatial radius of a carbon nanotube exciton, at FWHM,
has been experimentally determined to approximately 1.2 nm for a (6,5) nan-
otube [14], in agreement with calculations, as seen in figure 2.7b [12].

Apart from the attractive potential the Coulomb interaction also has a re-
pulsive contribution. This repulsive electron-electron interaction is a many-body
effect not included in the simple single particle picture. This electron-electron in-
teraction causes a blue-shift of the optical band gap of the carbon nanotube [13].
These two components of the Coulomb interaction also gives rise to the optical
selection rules for carbon nanotubes, as discussed below.
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2.3 Carbon Nanotube p-n Junctions

When studying light-matter interaction in carbon nanotubes we must choose a
platform on which to carry out the work. One could think of several approaches
to do such a study, however, the most straight forward approach would be to use
a key component from the semiconductor world: the p-n junction.

The p-n junction will be our workhorse throughout this thesis and we will
therefore now shortly describe the principle of a standard semiconducting p-n
junction. Later we will describe how this structure can be incorporated into a
carbon nanotube by means of electrostatic doping.

2.3.1 Semiconductor p-n Junctions

When a p-doped and a n-doped semiconductor are brought into contact, holes
from the p-doped side will diffuse to the n-doped side and electrons will diffuse in
the opposite direction. The charge carriers will leave behind negatively (on the
p-side) and positively (on the n-side) charged ions, which are fixed in the crystal
lattice, figure 2.8a. These ions are called space charges and as a result of these
space charges an electric field occurs with a direction from positive to negative
charge, see figure 2.8b-c.

At thermal equilibrium the Fermi levels of the p-doped and n-doped side
line up and causes a band bending, as shown in figure 2.8d. The difference in
electrostatic potential between the two sides is called the built-in potential, Vy;.
The region containing the space charges is depleted of mobile carriers and hence
named the depletion region.

When the p-n junction is forward-biased, V p, the electrostatic potential across
the junction becomes Vy;-V p, and the width of the depletion region is increased.
Contrary, if the p-n junction is reversed biased, Vg, the electrostatic potential
becomes Vp;+V g, and the depletion region width is reduced [15]. An example
of an I-V curve for a p-n junction (in one of our carbon nanotubes) is shown in
figure 2.9.

The IV characteristic of the p-n junction changes under illumination. If a
photon is absorbed in the p-n junction its energy is used to promote an electron
from the valence band to the conduction band. The power generated in the device
can be calculated from the I'V characteristic and will generated a power conversion
efficiency of the device. More details about how to extract the power conversion
efficiency can be found in chapter 6. When forward biased, the injected carriers
can recombine and emit light, as electroluminescence [16,17] or thermal light
emission [18].
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Figure 2.8: Semiconducting p-n junction. (a) When a p-doped and a n-doped
material is brought in contact with one another the mobile carriers close to the junction
will deplete the region and leave behind space charges in the lattice. (b) The charges
are positive on the n-side and negative on the p-side. (c) The charges give rise to an
electric field, pointing from the positive to the negative region, with a maximum in the
middle of the junction. (d) At the junction a band bending in the electrostatic potential
results from the electric field in the junction.

2.3.2 A p-n Junction in a Carbon Nanotube

A p-n junction in a carbon nanotube can be realized in many different ways,
such as chemical functionalization [19,20] or by nanoparticle coating [21]. In this
thesis we have chosen to use electrostatic doping. With a pair of metallic gates
(see chapter 3 for detalis) located a distance away from the carbon nanotube the
potential landscape of the nanotube can be tuned. By applying a voltage to the
metallic gates the electrostatic potential will attract electrons in the nanotube
(positive voltage) and cause a band bending in the nanotube such that the Fermi
level ends up in the conduction band. The opposite is true for a negative potential,
where the electrons in the nanotube are repelled by the potential on the gate and
give rise to band bending such that the Fermi level ends up in the valence band.
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Figure 2.9: Biasing the p-n junction. (a) A representative I-V characteristic for a
p-n junction. The data is measured on a semiconducting carbon nanotube p-n junction.
(b) In forward bias, Vr, the band-bending at the p-n junction is reduced, the depletion
region is widened and a current flows through the device. (c) In reverse bias, Vg,
the band-bending is increased, the depletion width reduced and only a small reverse
saturation current flows trough the device.

If voltages of opposite polarity would be applied to the two gates one side of
the nanotube would be n-doped and one side would be p-doped. In the interface
between the two potential fields a p-n junction arise in the carbon nanotube.
This has been illustrated in figure 2.10, where a positive (negative) gate voltage
induces n-type (p-type) doping in the carbon nanotube, respectively. Electro-
static doping allows for a controllable and tunable doping level in the carbon
nanotube. Figure 2.11 shows how tuning the gate voltage can realize different
doping configurations in the carbon nanotube device.

2.4 Photocurrent in Carbon Nanotubes

Photoconductivity is a materials capability of converting an optical signal into
an electrical signal. Upon illumination a photon can be absorbed in a material,
electrons and holes generated and conducted through the material to the external
circuit. Carbon nanotubes are promising systems for photoconduction applica-
tions as they have a direct band gap for every subband [22] and high carrier
mobility [23].
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Figure 2.10: Carbon nanotube p-n junction. By applying a voltage to the metal
gates a p-n junction can be created in the carbon nanotube, by means of electrostatic
doping. A negative (positive) voltage introduces a p-type (n-type) doping and a p-n
junction is formed at the interface.
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Figure 2.11: Electrostatic doping of a carbon nanotube. A negative voltage on
the gates will induce a p-type doping in the carbon nanotube, while positive voltage
will result in n-type doping. (a) With opposite polarity of the gate voltage a p-n
junction (or n-p junction, (b)) can be created. (c) With the same polarity gate voltage
a homogeneously p-doped (or n-doped, (d)) transistor channel can be realized.
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2.4.1 Photocurrent Generation

When light is incident on a semiconductor the first thing that happens is the
absorption of photons. Thereafter the energy of the absorbed photon goes into
the creation of electron-hole pairs. An increased number of charge carriers in the
material leads to an increased current. The increase in current, on top of the
regular (dark) current flowing through the material is called the photocurrent.
In order to generate photocurrent, illumination alone will not be sufficient. A
uniform direction of the charge carriers is necessary to create a net photocurrent.
This can be realized by altering the symmetry of the semiconductor, for example
by introducing a p-n junction.

When a carbon nanotube is photoexcited, due to its one-dimensionality the
electrons and holes almost exclusively create excitons, rather than free electron-
hole pairs [11,14]. To break these excitons into free electrons and holes (in order
for them to contribute to the current) an electric field, for example at a p-n
junction, is necessary. (In chapter 7 we discuss an alternative way of generating
photocurrent by hot electrons.)

2.4.2 Electron-Hole Pair Creation and Annihilation

The creation and annihilation processes of electrons and holes in carbon nan-
otubes are of significant importance for its optical properties. The creation of
electron-hole pairs in carbon nanotubes were first described by Kane et al. [24].
In this electron-hole pair creation process there is a strong influence of carrier
interaction. Considering only one electron theory the ratio between the first and
second subband should be two. (For small diameter nanotubes this number can
vary due to the curvature and triagonal warping effects.) However, experimen-
tal results show that this ratio has a value closer to 1,75 [25]. This originates
from a many-body process (shown in figure 2.12) where one electron hole-pair
in the second subband can relax and create two electron-hole pairs in the first
subband [24,26], according to:

ez +hy — (e1+ h1) + (e1 + h1). (2.6)

An electron-hole pair in a carbon nanotube can also undergo non-radiative recom-
bination, such as Auger recombination. In this process the interaction between
two electron-hole pairs results in the recombination of one of the electron-hole
pairs, once the other retrieve kinetic energy to be excited to the second sub-
band [26-28]:

(61 + hl) + (61 + hl) — eg + ho. (27)

19



Chapter 2

k

Figure 2.12: Carrier interaction. (a) Electron-hole pair creation though relaxation
by an electron-hole pair from a higher subband. (b)) Electron-hole pair annihilation
through Auger recombination.

Upon photoexcitation an exciton is created in the carbon nanotube. In order
to dissociate the exciton into free electrons and holes the exciton binding energy
needs to be overcome. Electron-hole pair creation from exciton dissociation can
occur for example with an electric field. The excitons in the carbon nanotube can
also annihilate [29,30], for example through Auger processes, before they have
time to dissociate into free electrons and holes.
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Chapter 3

Device Fabrication and
Measurement Techniques

In this chapter we describe the state-of-the-art fabrication techniques that have
been used to fabricate the device structure for the carbon nanotube devices used
in this thesis. The carbon nanotubes were grown in the final step of the fabri-
cation, allowing them to stay ultra clean and free from disorder as a result of
the absence of post-growth processing. This technique placed some restrictions
on the device fabrication and choice of material. First the fabrication of the
device structure will be outlined in detail, whereafter the growth technique of
the carbon nanotubes will be discussed. Then the experimental setup used to
electrically and optically characterize the individually suspended nanotubes will
be described as well as the measurement techniques of photocurrent imaging and
photocurrent spectroscopy will be discussed.

23



Chapter 3

3.1 Fabrication of air-suspended carbon nanotube
devices

The carbon nanotube devices were fabricated starting from a piece of Si wafer
covered with 285 nm SiOs. Trench gates [1,2] were patterned using electron beam
lithography followed by evaporation of 5 nm W and 25 nm Pt. The gates were 2
pm wide each and separated by 250 nm. Next, 1 um of SiO was deposited using
PECVD and the oxide was thereafter etched away above the gates, creating an
800 nm deep and 2-4 pm wide trench. This left an insulating layer of SiOs on
top of the gates. The source and drain contacts were defined on top of the SiO,
mesas with electron beam lithography and metal evaporation (5 nm W and 25
nm Pt). A catalyst area was patterned with electron beam lithography on top of
the metal contact and the catalyst solution for carbon nanotube growth was drop
coated on to the sample and lifted off in hot acetone. This left a well defined area
of Al;O3 nanoparticles and FeMo catalysts for the carbon nanotube synthesis.
Each step in the fabrication will now be described in detail:

Sample cleaning

A 19 mm by 19 mm piece of Si p™ doped wafer with 285 nm thermal SiOq
was used for the device fabrication. To clean the sample it was immersed for 5
minutes in HNO3. The beaker with HNO3 was then placed in an ultrasonic bath.
Thereafter the sample was rinsed first in HoO and then in Iso-propanol. Finally
it was blow dried with Ns.

Gate contacts and markers

The first step is the fabrication of the buried gate structure and the e-beam
markers to align the future layers to. A two layer e-beam resist is spun onto the
clean sample surface. The two different resist layers react differently to the e-
beam dose with the result that the bottom layer obtains a slightly larger opening
than the top layer. This under-cut of the resist makes the lift off step easier.
Electron beam lithography is used to pattern the gate structure, see figure 3.1a
and the markers and the resist is developed and descummed (an Os plasma
cleaning). The gate contacts are evaporated using an electron beam evaporator,
as shown in figure 3.1b. A 5 nm W sticking layer is used under 25 nm Pt.
Whereafter lift off is performed. The W /Pt material combination was chosen
as it makes a nice p-type contact to carbon nanotubes. It is also one of the
few material combinations that can sustain the 900°C carbon nanotube synthesis
step without severe deformation. Unfortunately W is not an optimal sticking
layer for Pt and can therefore only be used for relatively thin layers of Pt. After
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evaporation, lift off was performed to remove the excess resist and metal. Leaving
a well defined metallic gate structure, figure 3.1c.

Gate bond pads

It is advisable to spend the extra effort making hard bonding pads which overlap
with the contacts. When wire bonding the samples it is advantageous to have
a hard surface to solder the bonding wire to. If trying to wire bond to the Pt
contact directly problems can occur with sticking of the soldering wire to the
contact or the metal contact can peel off all together as a result of the force
applied during wire bonding. To fabricate bond pads a two layer resist was spun
onto the sample and patterned with e-beam lithography before being developed
and descummed. The evaporation of the bond pads took place in two steps.
First 10 nm Cr and 80 nm Pt was evaporated in a clean low-pressure evaporator.
Thereafter the sample was moved to a dirtier evaporator for the final step. 20
nm of Si was evaporated on top of the Cr/Pt combination in order to make the
bond pad extra hard. After evaporation lift off was performed. The materials
will form an alloy during the final step of carbon nanotube synthesis when the
sample is heated to 900°C.

Growth of oxide and etching of trench

To create the trench over which the carbon nanotubes will be suspended a 1 pm
thick layer of SiOs was deposited, figure 3.1d, using plasma-enhanced-chemical-
vapour-deposition (PECVD). After the deposition of the SiOy a two layer re-
sist was spun on the sample, patterned with e-beam lithography, developed and
descummed, see figure 3.1e. An 80 nm thick Al mask was evaporated on the
source/drain contact regions, as shown in figure 3.1f, followed by lift off. Fig-
ure 3.1g shows the plasma etching which was performed to etch away ~800 nm of
the deposited SiOs everywhere except at the source/drain contact regions. This
left a ~200 nm thick insulating layer of SiO5 on top of the gate electrodes at
the bottom of the trench. The reason for this insulating layer is if the suspended
nanotube obtains a bit of slack and touches the bottom of the trench, it should
not short the electrical circuit. After the plasma etching the sample is placed in
an Al etch to remove the remains of the Al etch mask, as seen in figure 3.1h. The
result of the two etch steps is checked with a stepper.

Gate bond pads

After the deposition and etching of the SiO5 layer a ~200 nm thick layer of SiOq
remains on top of the gate bond pads. In order to remove this layer from the bond
pads, a resist is spun on the sample and patterned with e-beam lithography and
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Figure 3.1: Device fabrication scheme. (a) Patterning of pmma with e-beam
lithography. (b) Develop pmma and evaporate W/Pt. (c¢) Lift-off. Gate electrodes are
created. (d) Deposit 1 pm of PECVD SiO;. (e) Spin pmma and pattern with e-beam
lithography. (f) Develop pmma and evaporate Al as an etch mask. (g) Lift-off and
plasma etch of the PECVD SiO; to create the trench. A thin layer of oxide is left on
top of the gate structure. (h) Strip the Al mask with a wet etch. (i) Spinn pmma
and pattern with e-beam lithography. (j) Develop pmma and evaporate W/Pt. (k)
Lift-off. Source and drain electrodes created. (1) Spin pmma and pattern with e-beam
lithography. (m) Develop and drop coat FeMo catalyst solution. (n) Lift-off. Catalyst
islands created. (o) Grow carbon nanotubes from FeMo catalysts using CVD.
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Figure 3.2: Scanning electron micrograph of the device structure. (a) SEM
image of the source and drain electrodes and the two buried gates. The scale bar is 10
pm. (b) Close up image of the trench. The source and drain electrodes are separated by
the 4 um trench, and the two gate electrodes can be seen at the bottom of the trench.

then developed and descummed. This leaves an exposed area immediately above
the gate bond pads. The sample is now immersed in buffered HF for etching of
the SiO5 above the gate bond pads. After the etch the resist is striped in hot
acetone.

Source/drain contacts

Source and drain metal contacts were fabricated on top of the 800 nm tall SiO,
mesas that resulted from the etching of the trench. The sample was spun with
a resist layer, patterned with e-beam lithography, developed and descummed. 5
nm of W and 25 nm of Pt was evaporated for the electrodes, followed by lift off.
The process is illustrated in figure 3.1i-k.

Source/drain bond pads

The bond pads for the source and drain contacts were fabricated the same way
as the bond pads for the gate electrodes (see above). Figure 3.2 shows a scanning
electron micrograph (SEM) image of the completed device structure.

Catalyst deposition

When growing the carbon nanotubes it is important to control the position and
density of nanotubes. To do that we pattern a 2 pum by 2um area on top of
the Pt source electrode. The patterning is done by spinning, writing, developing
and descumming a resist using e-beam lithography, figure 3.11. Our catalyst
solution contains aluminum oxide (AloO3) nanoparticles with iron(III) nitrate
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Figure 3.3: Carbon nanotube synthesis. (a) Fabricated sample with device struc-
ture. (b) The sample is placed in a CVD furnace and heated up to 900°C. The CHy
precursor is decomposed by the catalyst and carbon nanotubes start to form from the
catalyst site. (c) One of the carbon nanotubes fall across the trench and makes an
electrical contact between the electrodes.

nonhydrate (Fe(NO3)3-9H20) and molybdenumdioxide (MoOg). One drop of
the catalyst solution was drop coated on top of the patterned sample and baked
for 10 minutes at 150°C, figure 3.1m. Lift off was performed in hot acetone in
gentle ultrasound, resulting in figure 3.1n. Before carbon nanotube growth the
sample and the catalysts were exposed to a thorough O plasma cleaning.

3.2 Carbon nanotube synthesis

The carbon nanotubes were synthezised using chemical vapour deposition (CVD).
A quartz tube was placed in a furnace and was first baked out at 900°C in air for
1-2 hours. Thereafter the sample with fabricated devices was placed inside the
quartz tube and the system was heated up to 900°C under Ar flow. Figure 3.3
shows an overview of the carbon nanotube growth process. When the desired
temperature was reached the Ar gas was turned off and CH, and Hy gases were
introduced into the quartz tube. The CH,4 carbon feedstock is decomposed by the
FeMo catalyst particles and a carbon nanotube can be synthesized starting from
the catalyst particle. During the growth the carbon nanotubes extends across the
pre-defined trench and lands on the surface of the metal electrode on the opposite
side. The carbon nanotube growth last a total of 10 minutes, after which the CH4
gas was turned off and the sample was cooled down under Hy and Ar gas flow.
The continuous flow of Hy while cooling down prevents formation of amorphous
carbon on the sample. When the system has cooled down below 180°C the Hy
and Ar gases are turned off and the sample is removed from the quartz tube.
This growth method is known to produce single-walled carbon nanotubes in the
diameter range from approximately 1.2 - 4 nm [3]. A grown carbon nanotube
suspended between the two metal electrodes can be seen in figure 3.4.
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Figure 3.4: Suspended carbon nanotube. The nanotube has fallen across the
trench during the growth process. The scale bar is 2 pm.

3.3 Experimental Setup

The optical experiments were performed in a homebuild scanning confocal mi-
croscope setup. The sample was loaded on an attocube piezo positioner stage
in a Janis cryostat. The attocube stage allowed for very precise positional ad-
justments in the x,y and z directions. The cryostat could be cooled, using liquid
helium, to 4 K and was also equipped with a Lakeshore temperature controller
for temperature dependent measurements. The majority of the experiments in
this thesis, however, was performed at room temperature, where the cryostat was
used as a vacuum chamber. An Olympus IR coated objective was mounted on
the inside of the lid of the cryostat. The objective had a NA of 0.8 and a working
distance of 3 mm.

The telecentric system was build on a second level above the cryostat. Fig-
ure 3.5 shows a schematic illustration of the measurement setup and figure 3.6
shows a picture of the actual laboratory setup. The incoming excitation laser
(can be fiber coupled or free space) enters a beamsplitter which could be var-
ied between 50/50 or 90/10 depending on the experimental requirements. The
laser thereafter enters the computer controlled scanning galvo mirrors. After the
galvo mirrors the laser beam goes through two lenses before it enters the cryostat
and the objective. Using the galvo mirrors the focused beam can be scanned
across the sample surface. The reflected light from the sample returns through
the same path until the beamsplitter, where it is directed to a Si photodiode. For
white light imaging a pellicle beamsplitter can be flipped in immediately before
the cryostat window. The white light image is detected with a sensitive CCD
camera.

For basic measurements a green laser (532 nm) was used for excitation. The
green laser has a energy of 2.33 eV which is much larger than the bandgap of
our carbon nanotubes. For excitation close to the carbon nanotube bandgap a
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Figure 3.5: Schematic of measurement setup. Room temperature photocurrent
setup. The excitation light (indicated in green) enters the setup and goes through a
beam splitter and the computer controlled galvo mirrors. The telecentric system is
used to translate the beam position on the sample surface. Right before the cryostat
the polarization of the laser is adjusted (if applicable) before it enters the cryostat
with the objective on the inside of the lid and excites the sample. The reflected light
(indicated in red) follows the same path through the setup and after the beam splitter
it is detected by a Si photodiode.

Fianium supercontinuum white light source, pulsed at 20 MHz, was used. The
Fianium was coupled to an acousto-optic tunable filter (AOTF) which generated
a collimated laser beam for wavelengths between 650 and 1100 nm with 5 nm
bandwidth (crystal 1) and between 1100 and 2000 nm with 7 nm bandwidth
(crystal 2).

3.4 Photocurrent imaging and spectroscopy

The suspended carbon nanotube devices were characterized by scanning the laser
beam across a defined area of the sample [2,4] by means of two computer-
controlled scanning mirrors.

In photocurrent imaging the reflected light from the sample structure was
collected by a photodiode, generating a reflection image of the sample, see fig-
ure 3.7a. Simultaneously the current through the carbon nanotube was mea-
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Figure 3.6: Measurement setup. A picture of the measure setup. The sample
is placed in the cryostat at the bottom, which has optical access from the top. The
objective is positioned on the inside of the lid of the cryostat. The excitation laser
(green) goes through a pair of computer controlled galvo-mirrors, used to scan the laser
spot across the sample. The reflected light (red) goes through the same optical path
and is eventually reflected by the beam splitter and collected by the photodiode.

sured for every laser coordinate, generating a photocurrent image, figure 3.7b.
The reflection and photocurrent images were superimposed creating the image
in figure 3.7c of spatial photocurrent response in relation to the metallic device
structure.

In photocurrent spectroscopy [5—7] the supercontinuum laser is positioned on
the carbon nanotube p-n junction (coordinates found through photocurrent imag-
ing, see figure 3.7c) and the frequency of the laser is tuned within the allowed
ranges for each AOTF crystal. The photocurrent from the carbon nanotube p-n
junction is recorded as a function of laser frequency, generating a spectral pho-
tocurrent response. Performing photocurrent spectroscopy allows for resolving
the van Hove singularities in the joint-density-of-states in the carbon nanotube.
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Figure 3.7: Scanning photocurrent microscopy. (a) A reflection image outlining
the device structure. The source, drain and gate contacts have been indicated for clarity.
(b) A photocurrent image showing the spatial photocurrent response as the laser spot
is scanned over the device area. (c) The reflection image from (a) and the photocurrent
image from (b) can be superimposed, generating an image of photocurrent response in
relation to the device structure. All scale bars are 2pm.
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Chapter 4

Imaging the Formation of a p-n
Junction in a Suspended Carbon
Nanotube with Scanning
Photocurrent Microscopy

Gilles Buchs, Maria Barkelid, Salvatore Bagiante, Gary A. Steele and Val
Zwiller

We use scanning photocurrent microscopy (SPCM) to investigate individual sus-
pended semiconducting carbon nanotube devices where the potential profile is
engineered by means of local gates. In situ tunable p-n junctions can be gener-
ated at any position along the nanotube axis. Combining SPCM with transport
measurements allows a detailed microscopic study of the evolution of the band
profiles as a function of the gates voltage. Here we study the emergence of a p-n
and a n-p junctions out of a n-type transistor channel using two local gates. In
both cases the I - V curves recorded for gate configurations corresponding to the
formation of the p-n or n-p junction in the SPCM measurements reveal a clear
transition from resistive to rectification regimes. The rectification curves can be
fitted well to the Shockley diode model with a series resistor and reveal a clear
ideal diode behavior. !

IThis chapter has been published in Journal of Applied Physics 110, 074308 (2011).

35



Chapter 4

4.1 Introduction

The unique electronic properties of carbon nanotubes make them ideal systems
for future large-scale integrated nanoelectronics circuits [1]. Due to their quasi-
one-dimensional geometry, the electronic bands of carbon nanotubes can be engi-
neered by means of electrostatic doping. In this context, p-n junction diodes [2-7]
as well as tunable double quantum dots working in the single particle regime have
been realized in suspended nanotube devices using local gates [8]. High spatial
control and resolution of the electrostatic doping of semiconducting nanotubes
will allow the realization of electronic and optoelectronic devices like diodes or
phototransistors [9] with tunable properties, which is not possible for devices
based on chemically doped semiconductors. Moreover, a controlled confinement
of single carriers in combination with a p-n junction [10] in a semiconducting
nanotube could potentially enable future applications such as electrically driven
single photon sources in the burgeoning field of carbon nanotube quantum op-
tics [11]. Here we report on a scanning photocurrent microscopy (SPCM) study
of suspended semiconducting nanotube devices where the band profile is engi-
neered by means of local gates in order to generate p-n junctions at controlled
locations along the nanotube axis.

4.2 Experimental Setup

The devices consist of a nanotube grown between platinum electrodes over pre-
defined trenches with a depth of 1 pm and widths of 3 or 4 um. Up to four gates
are defined at the bottom of the trenches. A schematic and a scanning electron
microscopy image of a typical device with four gates and a 3 pm wide trench are
shown in Figs. 4.1a and 4.1b, respectively. The fabrication began with a p*+
silicon wafer used as a backgate covered by 285 nm of thermal silicon oxide. On
top of this, gate electrodes made of 5/25 nm W /Pt were defined using electron-
beam lithography, followed by the deposition of a 1100 nm thick SiOs layer. A
1000 nm deep trench was dry etched, leaving a thin oxide layer on top of the
gates. A 5/25 nm W/Pt layer was then deposited to serve as source and drain
contacts, and nanotubes were grown at the last fabrication step at a temperature
of 900°C from patterned Mo/Fe catalysts [8,12]. In SPCM, photocurrent (PC)
is recorded as a laser spot is scanned across a sample. PC appears when photo-
generated electrons and holes are separated by local electric fields in the device,
such as those present at metal/nanotube interfaces [13,14], defect sites [14], or
p-n junctions [5]. Our SPCM setup consists of a confocal microscope with a NA
= 0.8 objective illuminated by a A = 532 nm laser beam. The diffraction lim-
ited spot is scanned using a combination of two galvomirrors and a telecentric
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Figure 4.1: (a) Schematic of a device with four trench gates G1-G4. A diffraction-
limited laser spot (A = 532 nm) is scanned across the device and PC is recorded between
source (S) and drain (D) contacts. (b) Scanning electron microscope image of a four
trench gates device. (c) Superimposition of the PC image and the reflection image
for a device with two trench gates separated by 250 nm, measured with Vg1 = Vge =
+8 V and Vgp = 0V. A single semiconducting nanotube is highlighted with a dashed
line. (d) PC line profile recorded along the dashed line in panel (c) corresponding to the
nanotube axis. (e) Corresponding band diagram with photogenerated carrier separation
at the metal/nanotube interfaces.

lens system while the dc PC signal and the reflected light intensity are recorded
simultaneously in order to determine the absolute position of the detected PC
features. Typical light intensities of 3 kW /em? are used in this work.

4.3 Scanning Photocurrent Microscopy of a Tun-
able p-n Junction
Figure 4.1c shows the superimposition of the PC and reflection images of a de-

vice with two gates labeled G1 and G2 separated by 250 nm in a 4 pm wide
trench, measured in vacuum ( ~10~% mbar) at room temperature. The applied
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voltages are Vg1 = Vgo = +8 V and Vgp = 0 V. The PC image in combination
with the measured transfer characteristics reveal the presence of a single semicon-
ducting nanotube crossing the trench, whose axis is indicated by a dashed line.
Figure 4.1d shows the PC line profile recorded along the dashed line in panel
¢ with two PC spots at the edge of the trench revealing the local electric field
generated at the metal/nanotube interface. The corresponding band diagram is
depicted in e with an illustration of the photogenerated carrier separation at the
contacts. The asymmetry in the PC is due to different resistances for carriers at
the source and drain contacts, for instance here a thinner Schottky barrier for
electrons at the drain contact (D) [13]. In Fig. 4.2, we demonstrate the imaging
of a p-n junction, whose position and polarity can be tuned with the local gates.
We use a four trench gate device similar to the one shown in Fig. 4.1b. The mea-
surements are performed at room temperature in air. With the same potential
applied to all four gates, two PC spots appear at the trench edges with polarities
depending on the gates potential, similar to those shown for the two gate device
in Fig. 4.1c. For opposite potentials ( +8 V/-8 V) applied to groups of adjacent
gates with configurations G1-G2, G3-G4 (panel (a)), G1-G2-G3, G4 (panel b),
and G1, G2-G3-G4 (panel ¢), p-n junctions are created and clear PC spots ap-
pear at the electric filed maxima corresponding to depletion regions. The images
demonstrate that we can both move the position of the p-n junction and change
its polarity using the local gates. Note that the metal/nanotube interface does
not show PC signals due to the potential barrier formed at the depletion region
that blocks one of the photogenerated carriers, as illustrated in panel d. The pat-
terns around the maximum intensity PC spots are due to diffraction effects from
the structure of the gates. Gaussian fits to the PC signals along the nanotube
axis (dashed lines) show that the center of the depletion regions is positioned
close to the center of the spacing between two gates with opposite potentials.

4.4 Imaging the Formation of a p-n Junction

In Fig. 4.3 we study a two trench gates device illustrated in the schematic in
Fig. 4.3a (4 pm wide trench and gate separation 250 nm). The measurements
have been performed at room temperature in vacuum. A single semiconducting
nanotube was found to cross the trench establishing an electrical contact between
source and drain electrodes. Using the technique described in Refs. [13] and [15],
we estimate the bandgap to be Eg ~ 400 meV, corresponding to a diameter of
about 1.7 nm [16], and we find that the Fermi level at the contacts lies at about
one third of the bandgap below the conduction band. A transition from a fully
n-type or n-n channel to p-n (n-p) configuration is studied in panels a-c (d-f) by
applying a constant potential of + 8 V to G2 (G1) and sweeping G1 (G2) from
+ 8 V to -8 V. For each value of Vg1 (Vg2), the laser spot is scanned along the
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Figure 4.2: Tuning the position and polarity of a p-n junction using local gates. (a)-(c)
Left column: Superimposition of the PC and reflection images and the configurations of
the potentials applied to the trench gates. The dashed line corresponds to the nanotube
axis. Right column: Corresponding band diagrams with PC and reflection intensities
(R) recorded along the dashed line as well as the position of the gates. Each PC
line profile is fitted with a Gaussian discarding the diffraction-induced patterns. (d)-
(e) Band diagrams illustrating the behavior of the photogenerated carriers at different
positions: metal/nanotube interfaces and depletion region, respectively.
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nanotube axis and the PC is recorded, Fig. 4.3b (Fig. 4.3¢). For the range Vg
(Vaz) > 0V, the PC shows two contributions at the Schottky barriers. Below 0 V
the negative (positive) PC signal starts to move its position toward the center of
the trench and the positive (negative) PC signal vanishes. Both effects are due to
a transition of the band profile from pure n-n to the configuration depicted with
the label i-n (n-i) where the drain (D) (source (S)) side of the n channel begins to
pinch off and prevents electrons generated at the source (S) (drain (D)) Schottky
barrier from reaching the drain (source) contact. The negative (positive) PC
signal continues to move into the trench until it is suppressed below Vg1 =-1V
(Vg2 = -0.8 V) and then recovers around Vg = -3 V (Vgo = -2 V). This low PC
intensity likely indicates a shallow potential profile in which the electric field is
not large enough to separate the photogenerated carriers. At Vg1 ~ -3V (Vo =~
-2.5 V), the PC signal increases drastically up to about - 22 pA (30 pA) and shifts
slowly toward the center of the trench at Vg1 (Vig2) = -8 V. This strong PC signal
is the consequence of hole doping of the drain (source) side of the device, resulting
in a p-n (n-p) junction with a large electric field in its depletion region, depicted
in the band diagram corresponding to VG1(VG2) = -8 V in panel (b) (panel (e)).
In addition to PC imaging, we also perform I - V measurements (dark current)
for values of Viz1 (Vige2) indicated by labels 1-7 (1/-6" ) in panel (b) (panel (e)). A
progression from ohmic regime at Vg1 (Vg2) = +8 V with a measured resistance
of about 40 MQ (68 MS) to a clear rectification behavior starting below Vi
(Vg2) = -2 V corresponding to I - V curves 4-7 (4'-6" ) with the forward current
increasing with |Vg1| ( |Vigz| ) is observed. The rectification curves 4-7 (4’-6")
can be fitted well to the Shockley diode model I = Io(e¥sP/™Vr —1) with a series
resistor [3],

nVp IgpR VYsp+ioR
I=1)|— — nvr —1 4.1
’ [IORW (HVTe > ] 1)

where Ij is the saturation current at reverse bias, n is the ideality factor, Vi
is the room temperature thermal voltage of 26 mV, R is the series resistance, W
is the Lambert W-function, and Vsp is the source-drain voltage. For a measured
saturation current of about Iy = 4x10713 A (Ip = 4x10713 A), we find the best
fit with n = 1 and R4 = 25 G2, R5 = 2 G2, R6 = 690 M2, and R7 = 200 MQ
(R4 =25 GQ, RS = 4 GQ, and R6Q = 1.2 GQ). The decreasing value of R with
Va1l ( [Vaz| ) is in good agreement with the band profiles model depicted on
the right side of panel b (panel e), implying a decrease in width of the tunneling
barrier for hole injection in the segment of the nanotube located above G1 (G2)
when |Vgi| ( |Vgz| ) increases. The higher current in forward bias for the p-n
configuration compared to n-p is due to an asymmetry in the resistance at the
source and drain contacts. We note that the estimated bandgap from the turn-
on voltage (Vsp ~ 150 mV) is not consistent with the value estimated from the
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transfer characteristic (Eg ~ 400 mV). In addition to the systematic error from
the estimation of the bandgap from the transfer characteristic using the method
of Refs. [13] and [15], this difference can also potentially be due to diffusion effects
for the carriers, recently observed by another group [7]. Such discrepancies in our
devices will be the subject of future investigations.

4.5 Conslusions

In summary, we have demonstrated the control of the position and polarity of
a p-n junction in multigate suspended carbon nanotube devices. We created
a p-n junction from a purely n-type channel and imaged its formation using
SPCM. In the electrical characteristics, a corresponding transition is observed
from the linear resistance of a transistor channel to the non-linear rectification
of an ideal diode. The high degree of control of ideal p-n junctions using the
local gates, combined with the precise photocurrent imaging of the p-n junction
position, demonstrate the potential of carbon nanotubes and the SPCM technique
in optoelectronics applications.
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Figure 4.3: Imaging the emergence of a p-n junction. (a) Schematic of a device
with two trench gates. G2 is set to + 8 V and G1 is swept. (b) PC transition map
recorded along the nanotube axis, with corresponding band diagrams for n-n, i-n, and p-
n regimes. (c) I -V curves recorded at values of Vi1 labeled 1-7 in (b). Inset: Values of
the series resistances R1 for the linear n-n regime and R4-R7 for the rectification regime
fitted with the Shockley diode model. (d) G1 is set to = 8 V and G2 is swept. (e) PC
transition map recorded along the nanotube axis, with corresponding band diagrams
for n-n, n-i, and n-p regimes. (f) I - V curves recorded at values of Vg2 labeled 1’-6" in
(e). Inset bottom right: Values of the series resistances R1’ for the linear n-n regime
and R4'-R6’ for the rectification regime fitted with the Shockley diode model. Inset up
left: Transfer characteristics of the device, where Vig1/Vaa corresponds to the voltage
applied simultaneously to G1 and G2. a is the estimated gate efficiency.
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Chapter 5

Probing Optical Transitions in

Individual Carbon Nanotubes

using Polarized Photocurrent
Spectroscopy

Maria Barkelid, Gary A. Steele, Val Zwiller

Carbon nanotubes show vast potential to be used as building blocks for photode-
tection applications. However, measurements of fundamental optical properties,
such as the absorption coefficient and the dielectric constant, has not been accu-
rately performed on a single pristine carbon nanotube. Here we show polarization
dependent photocurrent spectroscopy, performed on a p-n junction in a single sus-
pended semiconducting carbon nanotube. We observe an enhanced absorption
in the carbon nanotube optical resonances and an external quantum efficiency
of 12.3 % and 8.7 % was deduced for the E11 and E22 transitions, respectively.
By studying the polarization dependence of the photocurrent a dielectric con-
stant of 3.6 &+ 0.2 was experimentally determined for this semiconducting carbon
nanotube. !

IThis chapter has been published in Nano Letters 12, 5649-5653 (2012).
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5.1 Introduction

Carbon nanotubes show attractive optical [1,2] properties as a direct result of
their quasi-one-dimensional geometry. This has triggered an active interest in
developing carbon nanotubes for optoelectronic device applications [3], such as
diodes [4,5] and photodetectors [6]. For advanced device design a detailed knowl-
edge about the fundamental physical properties of the system is required. Pre-
vious studies have already demonstrated a direct band gap and large exciton
binding energies in carbon nanotubes [7]. Optical resonances in the joint density
of states arise as a direct result of the quantized nature of the k-vector in the
circumferential direction of the carbon nanotube. Optical absorption have been
previously reported for carbon nanotube films [7-9], nanotubes in solution [10]
and nanotubes confined in zeolite channels [11], but quantitative measurements
of the absorption coefficient for an individual carbon nanotube without environ-
mental influence has not been reported.

Here we show polarization dependence of photocurrent spectroscopy measure-
ments [12,13] on a single semiconducting carbon nanotube p-n junction. Using
polarization, resonances of the same or of different indices can be separately ad-
dressed [7,8,14-16]. We use this polarization dependence to probe the E11 and
E22 optical transitions [17] and study the enhanced absorption in these optical
resonances. We obtain a quantitative number for the quantum efficiency and at-
tribute this to a lower limit for the absorption coefficient in this semiconducting
carbon nanotube, something which has not been previously reported for a single
clean nanotube. In addition we obtain a value for the dielectric constant through
experimental measurements. This property of a carbon nanotube has been theo-
retically predicted and is commonly used as a fitting parameter, however to the
authors’ best knowledge no experimental measurement has been reported for this
parameter on a single nanotube level.

5.2 Device characterization

For this work we fabricated electrically contacted individual semiconducting car-
bon nanotubes. The nanotubes were synthesized using chemical vapor deposi-
tion [18] on a pre-fabricated device structure [19]. Growing the nanotubes in the
final fabrication step ensured a pristine system for the photocurrent study. Fig-
ure 5.1a illustrates the carbon nanotube bridging a 4 pm wide trench in between
two W /Pt contacts. In the bottom of the 800 nm deep trench two buried W/Pt
trench gates were defined, separated by 250 nm. More information about the
device fabrication can be found in the methods section. The local gate structure
was used to engineer the potential landscape of the carbon nanotube [4,19,20].
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Figure 5.1: Photocurrent imaging of a suspended carbon nanotube. (a) Device
schematic. The nanotube is suspended between two metal contacts, and the device
structure contains two trench gates. (b) Schematic of the electrostatic potential of the
gate-defined p-n junction. (c¢) Photocurrent imaging of the p-n junction, determining
the location of the maximum electric field to be in the center of the trench. (d) Line
profile of the photocurrent along the yellow dashed line in (c) showing the magnitude
of the photocurrent signal.

The nanotube device is subject to electrostatic doping, accomplished by apply-
ing voltage to the trench gates. Voltage of opposite polarity applied to the two
trench gates realizes a p-n junction in the carbon nanotube. Figure 5.1b shows a
schematic of the electrostatic potential for the p-n junction.

The p-n junction was characterized at room temperature, under vacuum,
using scanning photocurrent microscopy [21-24] (A = 532 nm, power = 1.45
kW /cm?). Figure 5.1c shows a scanning photocurrent image of the carbon nan-
otube p-n junction (color) superimposed on a reflection image (gray) where the
metallic contacts and gate structure are visible. The photocurrent image in fig-
ure 5.1c provides spatial information about the electric field in the depletion
region. This shows that the photocurrent response indeed originates from the
p-n junction which is formed in between the two trench gates. In figure 5.1d the
corresponding line profile of the photocurrent image (along the yellow dashed
line in figure 5.1c), indicates the magnitude of the photocurrent response. The
full-width at half-max of the photocurrent peak measures 660 nm, which is close
to our diffraction limited laser spot diameter.
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Figure 5.2: Effect of polarized light on a carbon nanotube. (a) The depolarization
effect. Photocurrent measurements were performed at 1064 nm as a function of polar-
ization angle of the incident laser light. The photocurrent is displayed in units of pA.
(b) Nanotube selection rules, where light polarized parallel to the nanotube axis probes
transitions between subbands of the same index and light polarized perpendicular to
the nanotube axis addresses transitions between subbands whose index differ by 1.

5.3 Polarization dependence

We now position our laser on the p-n junction and study the effect of polarization
on the photocurrent response of our nanotube device. When the excitation laser
is polarized two effects are present in the carbon nanotube. One is the depolar-
ization effect, displayed in figure 5.2a. The measured polarization dependence of
the photocurrent, collected at 1064 nm (0.91 kW /cm?) demonstrates the polariz-
ability of our carbon nanotube [25]. This effect arises from the one-dimensional
geometry of the carbon nanotube. It results in a smaller part of the incident
electric field coupling in to the carbon nanotube for cross-polarized light.

The second effect that appears for polarized excitation of a carbon nanotube
originates from the optical selection rules, schematically illustrated in figure 5.2b.
Consider the matrix element for an optical transition F;;, as predicted by Ajiki
and Ando [25,26], for light polarized parallel to the nanotube axis optical transi-
tions take place between subbands of the same index (i=j), which has the same
symmetry for the electron wavefunction. For light polarized perpendicular to the
nanotube axis the angular momentum operator changes the quantum number j
by one unit. Thus, the allowed optical transitions occur between subbands whose
index differs by 1.
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5.4 Extracting the dielectric constant of a semi-
conducting carbon nanotube

By studying the geometric effect of the polarization anisotropy we can deter-
mine the dielectric constant of this carbon nanotube. In figure 5.2a the energy
of the laser is off resonance with any optical transition and hence the density of
states in the nanotube is low. For a low density of states the contribution of the
carbon nanotube selection rules to the polarization anisotropy is small and the
dominating contribution comes from the depolarization effect. The recorded pho-
tocurrent signal can be used as a direct measure of the electric field in the device.
We consider the laser excitation field, applied to the nanotube. The external
electric field, F,, fully penetrates the carbon nanotube when the polarization is
aligned along the nanotube axis, and is probed using the photocurrent, Ipuraizei-
For cross-polarized light, a smaller fraction of the electric field is coupling in to
the nanotube [27]. The amount of the externally applied electric field that is
coupling in to the carbon nanotube (the internal field, E;) is again probed by the
photocurrent, Iperpendicular- The dielectric constant can now be found using the
relation:

2
Ei=—"" P (5.1)

€nanotube T €0

where € is the dielectric constant of the environment (in our case vacuum,
giving €9 = 1) and €nanotube is the dielectric constant of the carbon nanotube.
Within this model we consider the carbon nanotube to be a cylinder of infi-
nite length, with a diameter much smaller than the wavelength of the excitation
light [27]. Using the detected photocurrent for parallel and perpendicular polar-
ization, a dielectric constant of 3.6 + 0.2 is found for this semiconducting carbon
nanotube. Theory predicts the dielectric constant of a carbon nanotube to as-
sume a value between 1 [28] and 4-5 [29] (without taking excitonic effects into
account). Used as a fitting parameter, a dielectric constant of for example 2.5 [17]
has been used for a carbon nanotube. Our experimentally measured value for
the dielectric constant falls inside the boundaries of the theoretical predictions.
The measurement was reproduced on a second semiconducting carbon nanotube
device and a resulting dielectric constant of 3.4 was found.

5.5 Polarized photocurrent spectroscopy

Next we perform polarization dependent photocurrent spectroscopy with our laser
positioned on the p-n junction using a supercontinuum white light source and a
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Figure 5.3: Polarized photocurrent spectroscopy on a p-n junction. (a) Light polarized
parallel to the carbon nanotube axis (black) probes the E11 transition at 0.85 eV, and
light polarized perpendicular to the carbon nanotube axis (red) suppresses the E11
optical transition. Inset: angular dependence of the photocurrent (units: pA) on the
polarization angle of the excitation light. (b) Photocurrent spectroscopy of the E22
optical transition at 1.36 eV. The E22 is probed by parallel polarized light (black) and
suppressed for perpendicular polarized light (red). Inset: angular dependence of the
photocurrent (units: pA) on the polarization angle for E22.

tunable filter. See methods section for further details. Figure 5.3 displays the
photocurrent spectra for light polarized parallel (black) and perpendicular (red)
to the carbon nanotube axis. In figure 5.3a a clear peak for the E11 transition
is visible at 0.85 eV. In agreement with the theoretical predictions [25,26] and
earlier work [7,8,14-16] this transition is probed with parallel polarized light and
suppressed for perpendicular polarization. In figure 5.3b the E22 transition at
1.36 eV is, according to the same principle, addressed with parallel polarized light
and suppressed with perpendicular polarized light. For these parts of the spec-
trum the spectral output power of the laser is flat with regards to the nanotube
features (see figure 5.4).

The insets in figure 5.3a and b show the angular dependence of the photocur-
rent for E11 and E22 as a function of the polarization angle of the incident laser
light. A polarization ratio of the carbon nanotube can be defined as p = (I -
I,)/(Iy + I1.). The depolarization effect alone gives a polarization ratio of 0.40
+ 0.02. For the E11 transition a polarization ratio of 0.72 £+ 0.08 is found, and
for E22 the polarization ratio is 0.53 + 0.05. Calculations reported by Islam et
al. [7] shows, similarly to our results, a smaller polarizability of E22 compared
to E11, as a result of the smaller absorption cross section for the E22 transition.
On a resonance the polarizability of the carbon nanotube is a result of both the
depolarization effect and the optical selection rules. Knowing the dielectric con-
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Figure 5.4: Polarization dependent photocurrent spectroscopy of a n-p junction. (a)
The E11 optical transition is probed for parallel polarization (black) and suppressed for
perpendicular polarization (red). (b) Same for the E22 transition. The blue line is the
spectral output power of the laser.

stant these two effects could be decoupled. However, variations in the dielectric
constant with frequency [29] makes it difficult to accurately predict the value of
the dielectric constant of a carbon nanotube on an optical resonance. Theoreti-
cal calculations have been performed on this frequency variation [30-32], however
further studies are required on a single nanotube level in the near infra-red part of
the spectrum in order to quantify this variation and make an accurate prediction
about the decoupling of the two contributions to the polarization anisotropy on
an optical resonance.

For light polarized perpendicular to the carbon nanotube axis the E12/E21
transition is expected to show up on the low-energy side of the E22 resonance [15].
However, this transition is considerably suppressed as a result of the depolariza-
tion effect and therefore not visible in our measurements.

5.6 Quantitative absorption cross section of a semi-
conducting carbon nanotube

A lower limit of the absorption coefficient for an individual suspended semicon-
ducting carbon nanotube can be determined from the external quantum efficiency
of the carbon nanotube device:

Ipe

QEemternal = PlaseTT (_jAnanotube (52)
Eon obj

laser
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where I is the measured photocurrent (in A), e is the elementary charge,
Pygser is the power of the incident laser beam (in W), E,, is the energy of the
incident photons, T,p; is the transmissivity of the objective and Ananotuse /Alaser
is a normalization with respect to the carbon nanotube surface area exposed to
the incident laser beam. The external quantum efficiency is a combination of the
absorption coeflicient of the carbon nanotube and the internal quantum efficiency
of the p-n junction. Hence this external quantum efficiency provides a lower limit
of the absorption coefficient in this suspended semiconducting carbon nanotube.
From equation 5.2 an external quantum efficiency of 0.123 electrons/photons
was found for the E11 transition and a lower limit of the absorption coefficient
is 12.3 %. Similarly for the E22 transition, the external quantum efficiency is
0.087 and a lower limit for the absorption coefficient is 8.7 %. These results
agree well with values reported by Freitag et al. [6] where the authors estimate
a quantum efficiency of > 10 % for their single nanotube FET device. For a
wavelength off resonance, the extracted lower limit of the absorption coefficient
is around 3 %, comparable to that measured for graphene samples [33]. This
demonstrates the enhanced absorption for a carbon nanotube when the energy
of the excitation laser is on resonance with an optical transition. Figure 5.5
shows the external quantum efficiency, calculated according to equation 5.2, as
a function of incident laser power. The efficiency of the device is higher at
lower laser powers for both the E11 and the E22 transition. The decreasing
efficiency could be attributed to charge accumulation in the device at higher laser
powers [34]. Another possible explanation for the decreasing quantum efficiency
could be local heating of the nanotube induced by increased laser power. Heating
could increase the charge carrier relaxation rate and hence decrease the internal
efficiency of the p-n junction and thereby the external quantum efficiency. The
absorption in the E22 is generally lower than the absorption in the E11, which is
in agreement with previous findings [7].

5.7 Conclusions

In conclusion, polarization dependent photocurrent spectroscopy has been per-
formed on a carbon nanotube p-n junction. The E11 and E22 optical transitions
could be readily probed in parallel polarization and is suppressed for perpendic-
ularly polarized light. The polarization anisotropy could be decoupled into the
depolarization effect and the optical selection rules and a dielectric constant of
3.6 £+ 0.2 could be extracted from the depolarization effect. An external quantum
efficiency of 12.3 % and 8.7 % were measured for the E11 and E22 optical res-
onances, respectively, and this states a lower limit for the absorption coefficient
for a single semiconducting carbon nanotube. Experimentally verified values for
these physical properties of a carbon nanotube open up possibilities for develop-
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Figure 5.5: Calculated external quantum efficiency as a function of incident laser
power. As the laser power is increased, the quantum efficiency decreases for both the
E11 and E22 transition. The lines connecting the measurement points serve as a guide

to the eye. This quantum efficiency serves as a lower limit for the absorption coefficient
in the carbon nanotube device.

ment of future optoelectronic carbon nanotube devices, such as photodetectors
and phototransistors, operating in the near infra-red part of the spectrum. A
carbon nanotube with a suitable optical resonance could be used for design-
ing photodetectors for telecommunication applications. In addition, this work
also demonstrates polarization dependent photocurrent spectroscopy as a tool
for probing selected optical transitions in individual carbon nanotubes.
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Chapter 6

Single Carbon Nanotube
Photovoltaic Device

Maria Barkelid, Val Zwiller

Here we present photocurrent measurements on a single suspended carbon nan-
otube p-n junction. The p-n junction was induced by electrostatic doping by
local gates, and the E11 and E22 resonances in the nanotube could be probed
using photocurrent spectroscopy. Current-voltage characteristics were recorded,
revealing an enhanced optoelectronic response on resonance. The internal power
conversion efficiency for the nanotube diode was extracted on and off resonance
with the E11 and E22, and a large internal power conversion efficiency was ob-
served. An internal efficiency of up to 23% is reported for the E11, showing the
potential of carbon nanotubes to be used as the active element in photovoltaic
devices. Finally, a photovoltaic device is proposed which exploits this enhanced
efficiency.

IThis chapter has been published in Journal of Applied Physics 114, 164320 (2013).
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6.1 Introduction

Carbon nanotubes are one-dimensional materials with remarkable electrical and
optical properties [1,2]. They have shown promise for photodetection [3] and
solar cell applications [4,5]; however, the efficiency of the energy conversion has
been very modest. Lately carbon nanotubes have been combined with Si p-n
junctions [6] and composites [7] or integrated in organic solar cells [8], in order
to achieve high efficiency photovoltaic devices. In these hybrid structures the
carbon nanotubes are typically used for efficient collection of the photogenerated
current, and not as the active material for photovoltaic. Besides, studies carried
out on networks of carbon nanotubes find that the device efficiency suffer from
the coexistence of semiconducting and metallic nanotubes in the network [8].
Therefore, it is important to study the intrinsic efficiency of the carbon nanotube
itself in order to evaluate its prospect for photovoltaic devices. Studies on car-
bon nanotube thin-films addressed the question of their potential as the active
material in solar cells [4,9], but this has not been investigated on the single nan-
otube level. Large efficiencies have been predicted in the photoresponse of carbon
nanotubes near the band edge [10], and recently the energy harvesting potential
of carbon nanotubes have been shown to be related to their resonances in the
optical spectrum [11].

Here we present photovoltaic measurements on a single carbon nanotube diode
and compare the internal power conversion efficiency of the device for different
excitation energies. We demonstrate an increased internal power conversion effi-
ciency in the nanotube when excited on the E11 and E22 compared to off reso-
nance excitation. We also found an optimal illumination power for the device, for
when this is exceeded the diode becomes saturated and the electrons and holes
recombine non-radiatively before they have time to escape the p-n junction.

6.2 Characterization

The carbon nanotubes were grown using CVD [12] on a pre-fabricated device
structure. The individual semiconducting carbon nanotubes are grown to bridge
a 4 pym wide and 800 nm deep trench. On each side the suspended carbon
nanotube makes an electrical contact to W/Pt electrodes. Details about the
device fabrication has been reported elsewhere [13,14]. Two local gates at the
bottom of the trench are used for electrostatic doping. A schematic representation
of the device geometry can be found in the inset in Fig. 6.1a. By applying a
voltage to the trench gates, a p-n junction can be created in the carbon nanotube.
This allows for a dynamic device with tunable doping levels.

Electrical and optical measurements were performed on the carbon nanotube
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Figure 6.1: Single carbon nanotube diode. (a) An I-V characteristic of the device with-
out illumination, showing a rectifying behavior, characteristic for a diode. A schematic
of the device geometry is shown in the inset. -8/+48 V was applied to the trench gates
to create the p-n junction. (b) Scanning photocurrent microscopy image of the single
carbon nanotube p-n junction. The excitation laser (532 nm) was raster scanned over
the device, generating a spatial image of the location of the optical response. The scale
bar is 2 pm.

diode at room temperature and under vacuum in a home-built scanning confocal
microscopy setup. The diode was excited with a supercontinuum white light
source (Fianium) in combination with an acousto-optical tunable filter (AOTF).
Fig. 6.1a shows the dark current- voltage characteristic of the carbon nanotube
device. With -8/+8 V applied to the two trench gates the carbon nanotube shows
a rectifying behavior, characteristic of a diode.

The p-n junction was spatially located using scanning photocurrent microscopy [13,
15,16], where the excitation laser is raster scanned over the device and the pho-
tocurrent measured at every laser location. This generates the photocurrent
image in Fig. 6.1b which shows the optical response from the carbon nanotube
p-n junction to be located in the center of the trench.

6.2.1 Single Carbon Nanotube Photovoltaics

After locating the position of the nanotube diode, we performed photocurrent
spectroscopy [3,14,17] to identify the optical transitions in the carbon nanotube.
Fig. 6.2a shows the E11 transition at 0.84 eV. The photocurrent spectrum was
measured with the polarization aligned along the nano- tube axis [14,18]. A plot
of the photocurrent at E11 as a function of the polarization angle of the excitation
laser can be found in the inset in Fig. 6.2a, showing the polarization dependence
of the photocurrent signal.

Thereafter we investigated the diode’s response to illumination. The -V
characteristic of the carbon nanotube was measured for on resonance excitation
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Figure 6.2: Photoresponse in a single carbon nanotube diode. (a) Photocurrent spec-
troscopy on the carbon nanotube p-n junction, showing the E11 optical resonance at
0.84 eV with the polarization aligned along the nanotube axis. The inset shows the po-
larization dependence of the photocurrent at the E11 transition. (b) I-V characteristics
recorded without illumination (black), with 0.84 €V excitation (red arrow in (a)) and
0.98 eV excitation (blue arrow in (a)). The incident laser power was 64 pW. We clearly
see the increased photoinduced current in the device at the E11 energy (red) compared
to off resonance (blue).

on the E11 (0.84 eV), as well as for off resonance excitation at 0.98 €V, indicated
by arrows in Fig. 6.2a. The incident laser power was kept constant at 64 pW.
Fig. 6.2b shows the I-V characteristics for excitation on E11 (red) compared to the
case of no illumination (black), and the photoinduced current in the device under
illumination can be observed. We also observe a larger photoinduced current in
the device when excited on E11 (red) compared to off resonance excitation (blue).

6.3 Energy Conversion Efficiency

The power conversion efficiency of a diode can be extracted using the open-
circuit voltage (V,.), the short-circuit current (I.), and fill factor (FF) [2,4]. A
Ve of 23 mV and an I, of 119 pA could be extracted from Fig. 6.2b, for on
resonance excitation, and a fill factor of 29% was calculated. The fill factor both
on and off resonance showed a very weak dependence on excitation power. This
low fill factor and V. are a result of the poor contact resistance of the device.
The W /Pt electrodes make a good p-type contact to the carbon nanotube but
work poorly for electron conduction. A device resistance in the order of 100
MS) was measured, where the series resistance at the contacts is assumed to be
dominating. The contact resistance could be improved by for example choosing
a different contact metal; however, in our case the choice of metal was restricted
by the elevated fabrication temperature.
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The power conversion efficiency, 1, can now be calculated according to

ISC

n P Tony ) Voe - FF (6.1)
where P;,, is the incident laser power (measured before the objective), Top; is the
transmissivity of the objective, and A = A, anotube/Alaser, Which ensures that we
only take into account the photons that are incident on the nanotube surface. We
here consider the geometrical cross section of the nanotube, in order to evaluate
the absorption efficiency, instead of using the optical absorption cross section per
carbon atom [19].

The calculated power conversion efficiency reaches 0.027 for excitation on the
E11 and is one order of magnitude lower for off resonance excitation. In order to
conclude that the difference in power conversion efficiency for the different excita-
tion energies is not an effect of the increased absorption on the E11 resonance, the
data were corrected for the absorption efficiency. The internal power conversion
efficiency can be extracted by dividing the power conversion efficiency, 7, with
the absorption efficiency. A rough estimate of the lower limit of the absorption
efficiency in the carbon nanotube can be extracted from the external quantum
efficiency, ensuring a conservative estimate of the absorption. The external quan-
tum efficiency has been previously measured for this device geometry [14] and
was found for approximately 6 uW excitation power to be 12% on the E11 and
approximately 3% for off resonance excitation. These values agree with other
reported quantum efficiencies for carbon nanotube devices [3].

6.3.1 Internal Power Conversion Efficiency

Fig. 6.3 shows the resulting internal power conversion efficiency in the nanotube.
The power dependence of the internal power conversion efficiency shows a clear
increased efficiency on the E11, showing that this increase is not a result of
the larger absorption efficiency on the E11, but also related to the separation
efficiency of electrons and holes and their conductivity to the electrical contacts.
The enhanced energy conversion efficiency on the E11 has been reproduced on
one additional device with similar results.

The internal diode efficiency exhibits a peak when excited on the E11. It
increases for low optical powers, up to around 6 W, which can be understood
as the photogenerated current having a linear dependence on optical power, for
low powers [10]. Thereafter, the efficiency decreases for larger excitation pow-
ers. This could be an effect of the increased density of charge carriers in the p-n
junction at higher powers. When multiple electrons and holes are present in the
junction, they might recombine non-radiatively before having time to escape the
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Figure 6.3: Internal power conversion efficiency on and off resonance as a function of
excitation power. The internal power conversion efficiency was extracted as a function
of excitation power for 0.84 eV (red circles) and 0.98 eV (blue triangles). A clear
enhancement in efficiency can be observed on the E11 as well as a peak efficiency
around 6 uW. The decrease for large optical power is due to the fact that the junction
becomes saturated and not all of the generated electrons and holes have time to escape
the junction before recombining.

junction and reaching the contacts [20]. The decreasing efficiency could also be
a result of exciton-exciton annihilation [21,22]. Fig. 6.3 clearly shows a proof
of principle that the internal power conversion efficiency of the semiconducting
carbon nanotube p-n junction is larger on the E11 than for off resonance exci-
tation while the mechanism for exciton dissociation remains an open question in
the field.

The internal power conversion efficiency of the E22 resonance at 1.36 eV was
also investigated and found to (after compensating for the absorption efficiency
in the nanotube, as described above) give a peak efficiency of 20%. Fig. 6.4
shows the internal power conversion efficiency of E22 and compares it to off reso-
nance excitation. The increased efficiency also observed on the E22 supports our
conclusion of enhanced energy conversion efficiency on resonance in our carbon
nanotube diode.

6.4 Carbon Nanotube Photovoltaic Device

Considering the vast selection of nanotube chiralities, a solar cell device based
on different carbon nanotube species could be designed to operate across the
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Figure 6.4: Power dependence of the internal power conversion efficiency on the E22 at
1.36 eV (orange circles), compared to off resonance excitation at 0.98 eV (blue triangles).
An increased internal power conversion efficiency of the diode can be observed also on
the E22.

solar spectrum. For wavelengths of 900 nm and longer a large selection of carbon
nanotubes are available with E11 at these wavelengths. The FWHM of the E11
is typically of the order of 50 meV [17,18], and the density of carbon nanotube
chiralities with the E11 above 900 nm is sufficiently high, with respect to the
absorption linewidth, to readily cover the infra-red part of the solar spectrum.

For the visible part of the solar spectrum one would need to rely on the E22
or higher resonances, as not enough nanotubes exist with the E11 in the visible
range. It is also worth mentioning that although the nanotubes have an enhanced
energy conversion efficiency at the resonances their efficiency at higher energies
is not zero. The absorption coefficient for light off resonance is approximately
3% [14], and the efficiency of converting this energy into electrical current is
5%-10% (see blue triangles in Figs. 6.3 and 6.4).

Different techniques could be used to tune the E11 to desired energy. For
example strain has been demonstrated as a tool to tune the band gap of carbon
nanotubes [23], where 1% strain would alter the carbon nanotube band gap ~100
meV. Tuning the carbon nanotube band gap could aid in using the more efficient
E11 for energy conversion across a larger energy range.

This points to the potential of using carbon nanotubes for photovoltaic. To
realize a solar cell of a selection of chirality specific carbon nanotubes, cheaper
chirality selection methods are needed. A deeper understanding of the exciton
dissociation mechanism in carbon nanotubes would also be necessary in order to
design efficient energy harvesting devices. In addition, chirality specific growth
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on a predetermined location would truly enable the design of a purely carbon
based solar cell, covering the entire solar spectrum.

6.5 Conclusion

In summary, we have demonstrated an enhanced internal power conversion ef-
ficiency in a single carbon nanotube diode on resonance with the E11 and E22
optical transitions. Efficiencies of up to 23% were measured in this nanotube
diode. This shows the potential of carbon nanotubes for photovoltaic applica-
tions and that the optical resonances not only enhance the light absorption in
carbon nanotube diodes but also exhibit a larger intrinsic power conversion ef-
ficiency. By tailoring a carbon nanotube photovoltaic device such that the E11
coincides with wavelengths of interest, very efficient conversion between light and
matter could be realized using carbon nanotubes.
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Chapter 7

Photocurrent Generation in
Semiconducting and Metallic
Carbon Nanotubes

Maria Barkelid, Val Zwiller

The fundamental mechanism underlying photocurrent generation in carbon nan-
otubes [1-3] has long been an open question. In photocurrent generation, the
temperature of the photoexcited charge carriers determines the transport regime
by which the electrons and holes are conducted through the nanotube. Here,
we identify two different photocurrent mechanisms for metallic and semiconduct-
ing carbon nanotube devices with induced p-n junctions [4-7]. Our photocur-
rent measurements as a function of charge carrier doping demonstrate a ther-
mal origin [8,9] for metallic nanotubes, where photo-excited hot carriers give
rise to a current. For semiconducting nanotubes we demonstrate a photovoltaic
mechanism [10-12], where a built-in electric field results in electron-hole sep-
aration.Our results provide an understanding of the photoresponse in carbon
nanotubes, which is not only of fundamental interest but also of importance
for designing carbon-based, high-efficiency photodetectors and energy-harvesting
devices. !

IThis chapter has been published in Nature Photonics, 8, 47-51 (2014).
The authors would like to thank M. S. Rudner for discussions.
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7.1 Introduction

To develop sophisticated photonic devices [13-15], the physical processes govern-
ing the electro-optical response must be understood. The process of photocurrent
generation has been widely studied in both supported [4,5] and suspended [6, 7]
carbon nanotubes, but its origin remains controversial. Two mechanisms compete
in carbon nanotubes, the photovoltaic effect [10-12], where photocurrent arises
from an electric field, and the photothermal effect [8,9], where the photocurrent
results from a difference in Seebeck coefficients.

Recent studies have established a fingerprint technique for distinguishing be-
tween the photothermal and photovoltaic effects in graphene [16-18]. This tech-
nique assigns a six-fold-symmetric pattern in the doping-dependent photocurrent
response to the photothermoelectric effect and a two-fold symmetry to the pho-
tovoltaic effect. Here, we perform doping-dependent photocurrent measurements
on individually suspended carbon nanotube devices to investigate the generation
of photocurrent.

Figure 7.1a illustrates a nanotube suspended between two metal electrodes,
where two local gates were used for remote electrostatic doping [6,19] (experimen-
tal details have been presented elsewhere; chapter 4 and 5). Measurements were
performed on three metallic and five semiconducting individual carbon nanotube
p-n junctions at room temperature under vacuum.

7.2 Photocurrent response from a metallic and a
semiconducting carbon nanotube

Scanning photocurrent microscopy (SPCM) [4,10, 11] images of semiconducting
and metallic nanotube p-n junctions (gate voltage, +/-8 V), with zero source-
drain bias, were obtained with a 532 nm (1.45 kWem™2) laser. The photocur-
rent and reflection images were superimposed, generating Fig. 7.1b and c¢. The
semiconducting nanotube in Fig. 7.1b shows photocurrent generated at the p-n
junction formed between the two gates. The photocurrent from the metallic nan-
otube p-n junction in Fig. 7.1c has a much broader distribution, possibly a result
of inefficient coupling to phonons [20], resulting in a thermal gradient extending
along the nanotube due to the long electron cooling length [21]. The transfer
characteristics of the two nanotubes are shown in Fig. 7.1d,e. With a bias of
10 mV across the semiconducting nanotube, both gate voltages were swept from
negative to positive values. The electron conductance is 10 times lower than the
hole conductance due to a poor n-type contact. In the metallic nanotube, with a
bias of 1 mV, the conductance could be modulated by the gate voltage, but could
not be quenched.
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Figure 7.1: SPCM and electrical characterization of semiconducting and metallic car-
bon nanotube devices. (a), Schematic of the experimental set-up and device geometry,
showing the electrical connections to the nanotube. (b), SPCM image (at 532 nm)
of the semiconducting nanotube p-n junction. The photocurrent (red) and reflection
(grey) images are superimposed and show photocurrent generation from the centre of
the trench. (c), SPCM image of the metallic carbon nanotube p-n junction, showing
the photoresponse from the whole body of the carbon nanotube. (d), Electrical transfer
characteristic of the semiconducting nanotube, showing a clear pinch-off of the conduc-
tance. Data were recorded with 10 mV source-drain bias. (e), Transfer characteristic of
the metallic nanotube recorded at 1 mV bias. The conductance cannot be completely
quenched using gate voltage. Scale bars, 1 pm.

7.2.1 Identification of individual carbon nanotubes

The identification of carbon nanotubes for our study took place in several steps.
First the transfer characteristic and the IV characteristic of the devices were
measured. From the electrical measurements we can conclude if the device has
a semiconducting or a metallic behavior, but not the number of nanotubes that
were measured.

For this second step we employ the, by now standard, technique of scanning
photocurrent microscopy (SPCM). We raster scan our laser across the complete
device and can clearly image the device structure from the back-reflected light.
From the photocurrent signal we obtain a spatial image of the locations where
photocurrent is generated. (For a device with homogeneous doping this would
occur at the Schottky barriers.) Hence the SPCM provides us information about
where the nanotube contacts the electrodes and thereby its orientation across the
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Figure 7.2: Current-Voltage characteristics at room temperature of (a), a metallic
nanotube and (b), a semiconducting nanotube at room temperature. Both nanotubes
were measured in a p-n doping configuration. The semiconducting nanotube shows clear
rectification while the metallic nanotube exhibits a linear IV characteristics.

trench. Any nanotube which does not completely bridge the trench would not
make an electrical contact and would therefore not show up in the SPCM. These
nanotubes will also not influence our measurements.

Thus with the combination of electrical and optical techniques we can through
multiple steps select the nanotubes of interest for our study.

7.2.2 Metallic vs. Semiconducting Carbon Nanotubes

The current-voltage characteristic of a metallic and a semiconducting carbon
nanotube was measured at room temperature, under vacuum and in darkness.
Figure 7.2a shows the IV for the metallic nanotube, in a p-n doping configuration
(+8/-8 V applied to the trench gates). The IV has a linear characteristic and does
not show any diode-like behavior. The resistance of the metallic nanotube was
calculated to 1,25 M. The linear behavior indicates that at room temperature
the nanotube in 7.2a behaves as a metal. The IV for the semiconducting nanotube
in figure 7.2b shows clear rectification, typical for a p-n diode. The measurements
were performed under the same conditions (+8/-8 V applied to the gates). The
resistance of the semiconducting nanotube was calculated in the forward direction
to be 62,5 M.

In order to investigate the metallic carbon nanotube more in-depth, tem-
perature dependent measurements were performed. Figure 7.3a shows the IV
measurement for the nanotube at a temperature of 50 K (and for comparison at
295 K). The applied gate voltage is 4+/- 8 V and the nanotube still exhibits a lin-
ear IV characteristic and a typical metallic behavior. Gate traces for the metallic
carbon nanotube were recorded from room temperature down to 50 K and are
displayed in figure 7.3b. The curves have been offset for clarity. When sweeping
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Figure 7.3: Temperature dependence of the metallic nanotube. (a), I-V characteristic
of the metallic nanotube measured in a p-n doping configuration at 50 K (blue). An I-V
curve at 295 K (red) is shown for comparison. (b), Gate traces of the metallic carbon
nanotube recorded between room temperature and 50 K. The dip in conductivity shows
a negligible change with temperature and the FWHM is displayed as a function of
temperature in the inset. The curves have been offset for clarity.

the gate voltage the doping of the carbon nanotube changes homogeneously from
p-type to n-type and the device will display a dip in the conductivity [1]. When
the temperatures start to become comparable to the band gap this should show
up as a change in the width of the conductivity dip. The FWHM of the conduc-
tivity dip is displayed as a function of temperature in the inset. The variation as a
function of temperature is negligible, and we conclude that the nanotube behaves
as a metal down to 50 K. From these results we can estimate an upper limit for
the band gap of this carbon nanotube of approximately 4 meV. For the purpose
of this work it can be concluded that the 'nominally’ metallic carbon nanotube
behaves like a metal for the measurement conditions used in this paper.

7.2.3 Scanning photocurrent microscopy of a metallic car-
bon nanotube

Individual metallic carbon nanotubes have previously been investigated using
SPCM [10], however the focus has been on the contact interface between the
nanotube and the metal electrode. Previous work on graphene demonstrated the
ability to create a p-n junction in a zero band gap material [22] using electrostatic
doping. In this work we have employed a similar technique of electrostatic doping
using metal gates. By applying a positive or negative voltage on the gates, the
metallic carbon nanotube could be tuned between different doping configurations.

In order to demonstrate the distinct difference between a homogeneously
doped metallic nanotube and a p-n junction, SPCM on the metallic nanotube was
performed for four different doping configurations, see figure 7.4. We can see that
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Figure 7.4: SPCM imaging of a metallic carbon nanotube for different doping config-
urations. Images are recorded at 532 nm. (a), Homogeneous p-type doping of the nan-
otube. The nanotube/electrode interface shows photocurrent together with two lobes of
alternating sign along the nanotube axis. (b), Homogeneous n-type doping. For oppo-
site doping the photocurrent at the nanotube/electrode interface changes sign together
with the lobes along the nanotube axis. (¢), For a p-n doping configuration the whole
body of the nanotube is sensitive to light and dominates the photocurrent response.
A relatively small photocurrent contribution can be seen from the nanotube/electrode
interface. (d), Same for a n-p doping configuration. The scale bar in b of 1 um is
applicable to all panels.

for a homogeneously doped nanotube the photocurrent at the electrode/nanotube
interface changes polarity (Fig. 7.4a and 7.4b), similar to a semiconducting car-
bon nanotube. A sign changes in the photocurrent is observed along the axis of
the nanotube, which is in agreement with previous findings [10,23,24].

In a p-n or n-p doping configuration the whole length of the suspended car-
bon nanotube generates photocurrent upon light absorption (Fig. 7.4c and 7.4d),
in contrast to a semiconducting nanotube which shows a spatially well-defined
photocurrent response from the p-n junction (Fig. 7.1b).

For the metallic nanotube a sign change of the photocurrent can be observed
close to the contacts for p-n/n-p doping. The photothermal current, measured in
figure 7.4, depends on both the difference in Seebeck coefficient at the interface
between two regions and the temperature profile along the nanotube; Ip; = (Ss
- S1)T.

When positioning the laser at the contact/nanotube interface the metal con-
tact will act as a heat sink and the effective temperature induced in the nanotube
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will be smaller compared to when positioning the laser at the p-n junction.

The absolute Seebeck coefficient of Pt (Sp;) at room temperature is -5 pV/K
[25]. The Seebeck coefficient of a metallic carbon nanotube can be tuned with gate
voltage from approximately +20 ©V/K to -20 £V /K at room temperature [26].

Close to the contacts the electric field from the gates is screened by the source
and drain metal electrodes. Therefore the p- and n-doping of the nanotube
close to the contacts will be very weak. A light doping implies a large value
of the Seebeck coefficient. It is therefore possible, considering the relation for
photothermal current, that the measured photocurrent will have opposite sign at
the nanotube/electrode interface compared to the p-n junction.

7.3 Photocurrent maps of a semiconducting and
a metallic carbon nanotube

After spatial imaging, the laser was positioned on the p-n junction and the pho-
toresponse was recorded as a function of gate voltage (A = 532 nm, P = 1.45 (2.9)
kWem ™2 for the semiconducting (metallic) nanotube). The metallic nanotube in
Fig. 2a shows a clear six-fold pattern, characteristic of the photothermal effect.
As predicted and demonstrated for graphene [16,17], this characteristic pattern
arises from the dependence of the photocurrent on the Seebeck coefficient, S. In
agreement with ref. [16], due to the close dependence on chemical potential the
Seebeck coefficient has a non-monotonic dependence on gate voltage [16,26]. This
results in several polarity reversals of (Syegion2 - Sregion1). The photothermal cur-
rent in the metallic nanotube arises from this difference in Seebeck coefficient in
the two regions of the nanotube and hence displays multiple sign changes, giving
rise to the six distinct regions in Fig. 7.5a. A line profile is presented in Fig. 7.5b,
which demonstrates the multiple sign changes in the photocurrent. The thermally
excited hot carriers decay through carrier multiplication into several low-energy
electrons, leading to a local hot carrier distribution [27,28].

A photocurrent map was also recorded for the semiconducting nanotube
(Fig. 7.5¢), which displays a characteristic two-fold pattern indicative of the pho-
tovoltaic effect, where the direction of the photocurrent is parallel to the built-in
electric field at the junction. An intense photocurrent signal is generated for p-n
and n-p doping due to the presence of the electric field dissociating the excitons.
For a homogeneously p-doped or n-doped nanotube the photocurrent is negligi-
ble, as the electric field is not sufficient to separate the exciton into free charge
carriers. In the photovoltaic effect, when tuning the gate voltage, and thereby
the charge carrier concentration, the sign of the electric field at the junction
changes. For increasing gate voltage, the electric field only changes sign once,
resulting in a single polarity change of the photocurrent. Figure 7.5d presents a
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line profile of the photocurrent as a function of gate voltage. The sign changes
in the photocurrent map in Fig. 7.5¢ do not occur exactly at zero gate voltage,
as a result of the two trench gates not coupling equally to the nanotube or the
semiconducting nanotube being slightly p-doped.

Our key observation from Fig. 7.5 is the existence of two distinctly different
patterns in the photocurrent response in semiconducting and metallic nanotubes.
This shows that the dominant mechanism for the generation of photocurrent
differs in the two nanotubes. External factors could potentially suppress the
contribution from one or both mechanisms [29,30]. Accordingly, we defined a
set of experimental conditions that justify a comparison between the metallic
and semiconducting nanotubes (see section 7.3.1). All nanotubes were measured
under identical conditions.

We compared the conductivity in the nanotubes with and without illumina-
tion. The resistance measurements in Fig. 7.5e,f, were obtained from current
measurements with a bias of 1 mV and 10 mV, respectively. The resistance map
of the metallic nanotube shows two highly resistive ridges. This dip in conduc-
tivity, similar to that in Fig. 7.1e, causes a change in the Seebeck coefficient. The
photocurrent in Fig. 7.5a arising from the difference in the Seebeck coefficient
displays a polarity change for the same gate voltages. One additional polarity
change is seen along the diagonal in the photocurrent map, which does not have
a counterpart in the resistance map. As the doping level is homogeneous, the
Seebeck coefficient is uniform along the nanotube and cannot provide a direction-
ality for the thermally excited carriers, and hence makes no net contribution to
the photocurrent. For a homogeneously doped semiconducting nanotube, high
conductivity is observed (Fig. 7.5f), but the photocurrent (Fig. 7.5¢) is negligible.
This is a result of the absence of a local electric field. For p-n and n-p doping the
device exhibits a large resistance as well as a large photocurrent response due to
the presence of an electric field at the junction.

7.3.1 Experimental conditions

In this study we chose a set of experimental conditions so as to make a fair com-
parison between semiconducting and metallic carbon nanotubes. The nanotubes
were suspended to avoid heatsinking from the substrate, which suppresses the
photothermal effect. The platinum contact metal was identical for all devices. To
minimize the influence from defects, the nanotubes were grown in the final fabri-
cation step and were not subjected to any post-growth fabrication. This resulted
in negligible defects being present. The nanotubes were excited off-resonance.
This enabled more comparable measurement conditions, as the resonances in the
metallic nanotubes could not be probed. All measurements were performed at
room temperature.
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Figure 7.5: Gate-dependent conductivity. (a), Photocurrent map of a metallic nan-
otube, displaying a six-fold pattern characteristic of the photothermal effect. (b), Line
profile of the photocurrent along the yellow line in (a), showing the multiple sign changes
of the photocurrent as a function of gate voltage. (c), Photocurrent map of a semicon-
ducting nanotube, displaying a two-fold pattern characteristic of the photovoltaic effect.
(d), Line profile of the photocurrent along the yellow line in (c), clearly showing a sin-
gle sign change of the photocurrent as a function of gate voltage. (e), Resistance as
a function of gate voltage for the metallic nanotube. The high-resistance ridges agree
with the vertical and horizontal sign changes in the photocurrent map in (a). (f),
Resistance map for the semiconducting nanotube. The transition between high- and
low-conductance regions corresponds to the transitions in the photocurrent map in (c).
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7.4 Photocurrent response from nanotube / elec-
trode interface

To support the existence of different photocurrent generation mechanisms, the
photocurrent response along the nanotube axis was investigated as a function of
doping. The device was tuned from homogeneous p-type to n-type while scanning
the laser along the nanotube axis. The laser path is indicated in Fig. 7.6a for p-
type doping of the semiconducting nanotube. Figure 7.6b shows the photocurrent
shifting towards the centre of the nanotube with decreasing doping [11]. This
arises from a shift in the maximum electric field at the Schottky barriers towards
the centre of the nanotube, resulting from the extension of the depletion region
with decreasing doping concentration [31]. A line profile of the photocurrent
taken along the left green line in Fig. 7.6b is presented in Fig. 7.6c, and shows
a continuous increase in photocurrent with increasing gate voltage. This is an
effect of the electric field at the Schottky barrier changing sign.

The metallic nanotube (shown with p-type doping in Fig. 7.6d) has a much
less pronounced shift in the photocurrent response, as can clearly be seen in
Fig. 7.6e. The photocurrent, originating from the difference in Seebeck coeffi-
cient of the metallic nanotube and the metal electrode, is generated when the
laser is positioned at the nanotube-electrode interface. We tuned the Seebeck
coefficient of our metallic nanotube with the gate voltage, causing the photocur-
rent to change sign. Figure 7.6f presents a line profile (along the left green line in
Fig. 7.6e), and shows a non-monotonic dependence on gate voltage, characteristic
of the Seebeck effect. The photocurrent responses from the nanotube-electrode
interfaces show behavior comparable to that of the photocurrent from the p-n
junctions, consistent with our observations of the photothermal and photovoltaic
effects dominating in metallic and semiconducting nanotubes, respectively.

7.4.1 Spatial dependence of the photocurrent response

We next studied the photocurrent profile as a function of position along the nan-
otube axis. The photocurrent from the semiconducting nanotube p-n junction
is shown in Fig. 7.7 (blue). The electric field at the junction was probed by the
incident laser with a Gaussian profile, which determines the profile of the pho-
tocurrent. The data were fitted to a Gaussian, and divided by a factor of four
for clarity. The tails come from the laser spot not being perfectly diffraction-
limited. The photocurrent from the metallic nanotube p-n junction is shown in
red in Fig. 7.7. The photocurrent follows a triangular profile, centered at the
p-n junction and extending ~2 pum on each side. The broad triangular shape
indicates that the photogenerated carriers are hot and follow a thermal distribu-
tion through the nanotube. At the electrode-nanotube interface the photocurrent
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Figure 7.6: Photocurrent response for homogeneous doping. (a), SPCM image of the
semiconducting nanotube with homogeneous p-doping. (b), The laser is scanned along
the nanotube axis (yellow line in (a)) while changing the doping from p-type to n-type.
The photocurrent response shifts towards the centre of the nanotube for low doping
levels. (c), Line profile along the left green line in (b). The photocurrent increases
with gate voltage, resulting from the sign change of the electric field at the Schottky
barrier. (d), SPCM image of the metallic nanotube with p-doping. (e), The laser is
scanned along the yellow line in (d), while tuning the gate voltage. The photocurrent
from the nanotube-electrode interface shows no spatial shift with gate voltage. (f), Line
profile along the left green line in (e). The photocurrent shows a non-monotonic trend
originating from the Seebeck effect. Measurements were performed at 532 nm. All scale
bars, 1 pm.
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Figure 7.7: Spatial photocurrent response. Photocurrent as a function of position for
the semiconducting and metallic carbon nanotube p-n junctions (blue and red, respec-
tively). The photocurrent from the semiconducting nanotube has been fitted with a
Gaussian profile, originating from the laser spot profile, which is probed by the electric
field at the junction. The photocurrent response from the metallic nanotube follows
a triangular profile, indicating that the charge carriers stay hot until they reach the
contacts, in agreement with the photothermal effect. Measurements were recorded with
a 532 nm laser.

changes sign, possibly a result of band bending at the contacts or a difference in
the Seebeck coefficient between the electrode and the nanotube (see section 7.2.3).
This difference in photocurrent features confirms that the photocurrent in semi-
conducting nanotubes results from an electric field and in metallic nanotubes is
a thermal effect.

7.4.2 Laser induced temperature

An estimate of the temperature increase in a metallic carbon nanotube induced
by the laser has been done using the relation [22]; AT ~ RI/S. A resistance,
R, of the metallic carbon nanotube of 1,2 M2 was measured for an n-p doping
configuration (Fig. 2e in the main manuscript). For an incident laser power of
100 uW we estimate an absorption in the carbon nanotube of approximately 4
nW. The measured photocurrent for this absorbed laser power in a n-p doping
configuration of the metallic nanotube is measured to be 100 pA (Fig. 7.5a in the
main manuscript). A typical value of the Seebeck coefficient is taken to be 20
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#V/K from ref [26]. With this we estimate a laser induced temperature increase
of 6 K. This temperature is 15 times larger than what was found for contacted
metallic carbon nanotubes on a SiOs substrate [9].

7.5 Low temperature measurements

Photocurrent measurements have been performed at low temperature in order to
investigate whether the photocurrent generation mechanism for a metallic carbon
nanotube would differ at low temperature. This could for example occur if the
metallic nanotube has a very small band gap, which could start to play a more
important role in the photocurrent generation process at low temperatures.

Figure 7.8 shows the photocurrent maps at T = 295 K (7.8a) and at T = 50
K (7.8b). The six-fold pattern in the photocurrent maps is clearly visible and
comparable both at 295 K and at 50 K. To facilitate the comparison two line
profiles are displayed in Fig 7.8c and 7.8d. Both of the line profiles show the
non-monotonic behavior of the photocurrent as a function of gate voltage. This
behavior is unchanged at low temperatures.

At low temperature we see a drastic increase in the measured photocurrent
compared to room temperature. The excitation power at 50 K (1 mW) is 10
times larger than at 295 K. The enhanced excitation power necessary at 50 K
could be an indication of the decreasing Seebeck effect at low temperatures. At
the same time, the charge carrier life time increases at low temperatures, which
would give rise to the increase in photocurrent.

7.6 Pulsed and continous-wave excitation

The photocurrent response of the carbon nanotubes were investigated for both
pulsed and continuous wave (cw) laser excitation. The pulsed laser was a su-
percontinuum white light source (Fianium), pulsed at 20 MHz together with an
acousto-optic tunable filter (AOTF) and the cw laser source was a Ti:sapphire
laser. In order to demonstrate that the excitation scheme (pulsed or cw) does
not affect the photocurrent generation mechanism, we here show a comparison
between pulsed and cw laser excitation. Figure 7.9a shows the photocurrent
response from a metallic nanotube under pulsed excitation at 700 nm and 100
uW incident averaged laser power (pulse width of 5 ps). In figure 7.9b the same
metallic nanotube was excited with the cw laser (700 nm, 100 W incident aver-
aged power) under identical measurement conditions. We can clearly resolve the
six-fold-symmetric photocurrent pattern for both measurements, confirming that
the photothermal mechanism is independent of the type of excitation. This is in
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Figure 7.8: Low temperature photocurrent maps of a metallic carbon nanotube. (a),
The room temperature photocurrent response (A = 532 nm and 100 uW of incident
laser power). This can be compared to the photocurrent response at 50 K in (b),
with A = 532 nm and P = 1 mW). (c) and (d) shows the line profiles taken along
the yellow dashed line in (a) and (b) respectively. The non-monotonic profile of the
photocurrent as a function of gate voltage is consistent at 50 K, confirming that the
photothermal effect dominates the photocurrent generation in the metallic nanotube
also at low temperatures.

contrast to results reported for graphene, where different photocurrent response
was recorded for pulsed and cw excitation [32].

Figure 7.9c and 7.9d show the photocurrent response for a semiconducting
carbon nanotube under pulsed and cw excitation at 700 nm and 100 uW averaged
power. Also here it is clear that the photocurrent generation mechanism does not
differ between pulsed and cw laser excitation, and the semiconducting nanotube
displays clear evidence of the photovoltaic effect.

The semiconducting carbon nanotube shows an increased photocurrent mag-
nitude with cw laser excitation. This could be explained by the fact that our cw
laser is fiber coupled and exhibits a nice Gaussian shape. The pulsed laser we use
is free space coupled and its beam size is such that about half of the measured
power falls outside the aperture of the objective. Due to the AOTF and the free
space coupling, the beam shape of the pulsed laser does not exhibit an equally
nice Gaussian shape as the fiber coupled beam, hence resulting in a poorer focus
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Figure 7.9: Photocurrent maps for pulsed and cw laser excitation. (a), A metallic
carbon nanotube excited with a pulsed laser. (b), Same nanotube as in (a) excited
with a cw laser. The signature of the photothermal effect is unchanged for the two
measurements. (c), A semiconducting carbon nanotube excited with a pulsed laser.
(d), Same nanotube as in (c) excited with a cw laser. The signature of the photovoltaic
effect is not affected by the difference in excitation. All measurements were performed
at 700 nm and 100 uW averaged incident power.

on the sample. The metallic carbon nanotube also shows a slight increase in the
photocurrent for cw excitation, however, not as drastic as the semiconducting
nanotube.

The main focus of the study of different excitation schemes is to confirm
that the photocurrent generation mechanism do not differ between pulsed and
cw laser excitation. As can be seen from figure 7.9 the characteristic patterns in
the photocurrent response remain photothermal for the metallic nanotube and
photovoltaic for the semiconducting nanotube.
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Figure 7.10: Gate-dependent photocurrent response from (a) a semiconducting carbon
nanotube and (b) a metallic carbon nanotube. Measurements were performed on a total
of five semiconducting and three metallic nanotubes. The devices were excited with a
532 nm laser with 50 uW of power (semiconducting devices) and 100 uW of power
(metallic devices).

7.7 Additional devices

Figure 7.10 shows the photocurrent response as a function of gate voltage for a
metallic and a semiconducting carbon nanotube investigated in this study. All the
metallic nanotubes investigated show a characteristic pattern of six regions of al-
ternating photocurrent sign, while the semiconducting nanotubes show 2 regions
of photocurrent response for the p-n and n-p doping, but shows negligible pho-
tocurrent for homogeneous doping. This indicates that the photothermal effect
is the dominating photocurrent generation mechanism in the metallic nanotubes,
while the photovoltaic effect dominates in the semiconducting carbon nanotubes.

Although the qualitative difference between the photocurrent response for
metallic and semiconducting nanotubes is clear from figure 7.10, we have tried
to quantify this behavior. In order to establish a measurable parameter for com-
parison we have studied the amplitude of the photocurrent in the p-n doping
configuration (marked with an orange triangle in 7.10a and b) as well as the am-
plitude in the n-n’ doping configuration (orange circle in 7.10a and b). The n-n’
region is where the distinct difference between the photothermal and photovoltaic
effect is most pronounced.

Table 7.11 shows an overview of all the metallic and semiconducting nanotubes
measured in this study and the corresponding absolute photocurrent amplitudes
in the two different doping configurations. When comparing the photocurrent
amplitude in the two regions it is clear that the metallic nanotubes exhibit a
substantially larger current in the n-n’ region compared to the semiconducting
nanotubes. This behavior agrees with our conclusion that the photothermal effect
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Metallic B 16 pA 5pA 0.31
Metallic C 361 pA 31 pA 0.09
Semiconducting A 14 pA 0.5pA 0.04
Semiconducting B 103 pA 1pA 0.01
Semiconducting C 692 pA 4 pA 0.006
Semiconducting D 1295 pA 2pA 0.002
Semiconducting E 455 pA 15 pA 0.03

Figure 7.11: Device performance. The amplitude of the photocurrent for all the
metallic and semiconducting carbon nanotubes were measured. The amplitude of the
photocurrent in the p-n doped region and the n-n’ doped region is listed. In the metallic
nanotubes the photocurrent in the n-n’ region is much more substantial compared to
the p-n doping region, than in the semiconducting nanotubes. This behavior agrees
with our conclusion of a dominating photothermal mechanism in metallic nanotubes
and a dominating photovoltaic mechanism in semiconducting nanotubes.

dominates in the metallic nanotubes and the photovoltaic effect dominates in the
semiconducting nanotubes.

7.8 Conclusions

In summary, we have presented clear evidence that different photocurrent gen-
eration mechanisms dominate the photocurrent response in metallic and semi-
conducting nanotubes. Metallic nanotubes exhibit a dominating photothermal
effect, whereas the photovoltaic effect dominates the photocurrent response in
semiconducting nanotubes. A detailed understanding of the physical processes
that govern photocurrent generation in carbon nanotubes is the first important
step towards optimizing the design of optoelectronic devices for photodetection
and energy harvesting [33,34]. This will enable highly efficient optical compo-
nents based on carbon nanotubes to be engineered.
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Chapter 8

Resonant Photocurrent Response
in a Semiconducting Carbon
Nanotube

The photocurrent response in a suspended semiconducting carbon nanotube is
studied under excitation on the E11 and E22. Numerous studies have investi-
gated the photocurrent generation in nanotubes, however, in these studies the
excitation of the nanotube is usually performed at energies several times larger
than the band gap. Here we present photocurrent measurement with optical ex-
citation comparable to the band gap of the carbon nanotube and discuss how
the photocurrent generation depends on the excitation wavelength and intensity.
The photocurrent is also investigated with increased thermal coupling between
the nanotube and the environment. !

IThis chapter is in preparation.
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8.1 Introduction

Photocurrent generation in carbon nanotubes has been extensively studied in
varying device geometries [1-3]. For all of these studies the excitation of the
nanotubes is performed with energies many times that of the band gap. It is well
known that the optical spectra in carbon nanotubes is dominated by excitonic
effects [4]. Tt is therefore instructive to study the photocurrent response of a
semiconducting carbon nanotube at energies comparable to the nanotube band
gap.

The photocurrent in carbon nanotubes arise as a result of two different mech-
anisms, the photovoltaic effect or the photothermal effect [5] (see chapter 7).
The photovoltaic mechanism has a signature of a two fold symmetry in the gate-
dependent photocurrent response and a single sign-change of the photocurrent
with gate voltage. Contrary, the photothermal mechanism has a characteristic
six-fold photocurrent response with multiple sign-changes in the photocurrent as
a function of gate voltage [6,7]. Off resonance excitation has shown that the
dominating mechanism in semiconducting carbon nanotubes is the photovoltaic
effect (chapter 7). It can however be instructive to validate this model for low
energy excitation.

Previous work on photocurrent in graphene has shown that experimental con-
ditions can alter the relative strengths of the photocurrent generation mecha-
nism [8-10]. For carbon nanotubes the van Hove singularities are known to
extensively influence the optoelectronic properties [11]. Thus we will here inves-
tigate the contributions from the photovoltaic and photothermal mechanisms in
a semiconducting carbon nanotube for excitation on the E11 and E22.

8.2 Device characterization

For this experiment we use a semiconducting carbon nanotube, suspended be-
tween two metal electrodes. The carbon nanotube was grown with CVD [12]
on a pre-fabricated device structure. Details about the fabrication has been re-
ported elsewhere [5,13,14]. A schematic of the device geometry can be found in
figure 8.1a. Located at the bottom of the 4 ym wide and 800 nm deep trench
were two local gates. A p-n junction was created in the carbon nanotube by
means of electrostatic doping. All measurements were performed at room tem-
perature. Optical characterization was performed with a supercontinuum white
light source, in combination with an acousto-optical tunable filter.

The semiconducting nature of the carbon nanotube was confirmed from the
transfer characteristic of the device. With 4 /- 8V applied to the trench gates, the
p-n junction in the nanotube was imaged using scanning photocurrent microscopy,
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Figure 8.1: Device characteristics. (a) Schematic of the suspended carbon nanotube
across the 4 pm wide trench. The electrodes and the gates are made of W/Pt. (b) Scan-
ning photocurrent microscopy image of the p-n junction in the carbon nanotube with
+/- 8 V applied to the trench gates. The nanotube was excited at 0.84 ¢V corresponding
to the E11. (c¢) Photocurrent spectroscopy of the carbon nanotube p-n junction, with
the polarization of the excitation laser aligned along the nanotube axis. The E11 and
the E22 transitions can be observed at 1475 nm and 910 nm respectively.

SPCM, with an excitation energy of 0.84 eV, as shown in figure 8.1b. An energy of
0.84 eV corresponds to the E11 optical transition in this carbon nanotube, which
was confirmed by photocurrent spectroscopy measurements shown in figure 8.1c.

8.3 Photocurrent response from the E11 and E22

The photocurrent signal from the E11 in figure 8.1c is relatively large compared
to the E22. Tt could be instructive to investigate the relative contributions from
the photothermal and photovoltaic effects on the E11 and E22 respectively.

Figure 8.2b shows the photocurrent response from the E11, obtained by fo-
cusing the laser in the center of the trench (where the p-n junction is created) and
fixing the excitation energy to 0.84 eV. The polarization of the excitation laser
is aligned parallel to the nanotube axis. The voltage of the trench gates were
scanned from negative to positive values and the photocurrent response could be
mapped as a function of doping configuration. The photocurrent response from
the E11 shows a large photocurrent for the p-n and n-p doping, while n-type
and p-type doping show a negligible photocurrent response. This clear two-fold
symmetry is indicative of a dominating photovoltaic effect.

For excitation on the E22 we also observe a dominating photovoltaic effect, as
can be seen in figure 8.2a. This results agree well with the results from chapter 7
where the dominating photocurrent generation mechanism in semiconducting car-
bon nanotubes are determined to be the photovoltaic effect.

For excitation wavelengths close to the resonances (1300, 1200, 1000 and 800
nm) the dominating photocurrent generation mechanism is also found to be the
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Figure 8.2: Photocurrent as a function of doping concentration. (a) Photocurrent
response from the E22. The two-fold symmetry, indicative of the photovoltaic effect,
dominates the photocurrent response. (b) Photocurrent response from the E11, also
showing a dominating photovoltaic effect. (c)-(d) Shows the photocurrent spectroscopy
of the E22 and the E11 for various gate voltages. On the E11 the photocurrent signal is
not altered by the change in gate voltage, however a small decrease of the photocurrent
can be observed on the E22 for decreasing gate voltage. The excitation power used was
70 uW.

photovoltaic effect. This concludes that the optical resonances in carbon nan-
otubes do not influence the underlying mechanism for photocurrent generation
in semiconducting carbon nanotubes.

Figure 8.2c-d show the photocurrent spectrum for the E22 and E11, respec-
tively, for different gate voltages. The data shown is the difference in photocurrent
between parallel and perpendicular polarization of the excitation light with re-
spect to the nanotube axis (Ipe = Ic,| - Ipe, ). For both the E11 and the E22 the
spectral position and the linewidth of the photocurrent signal is not noticeably
altered by the change in gate voltage. A spectral shift of the resonant photocur-
rent response with gate voltage could be a signature of many-body interaction
in the carbon nanotube, which has recently been suggested for higher subbands
probed by Rayleigh scattering [15]. While an increase in the linewidth could be
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a signature of intersubband scattering [16].

The fact that the maximum photocurrent for the E11 do not change with
increasing gate voltage also suggests that the photocurrent arise from an electric
field. Once the electric field is large enough to overcome the exciton binding
energy a resulting photocurrent will show up upon laser excitation. Photocurrent
generated from the presence of an electric field would not be expected to increase
if the magnitude of the electric field increases.

For the E22 the photocurrent in figure 8.2c decreases slightly when the gate
voltage is decreased. However, the signature measurement in figure 8.2a conclu-
sively shows a dominating photovoltaic mechanism.

8.3.1 Power Dependence

By studying how the photocurrent changes with applied gate voltage and the
excitation power, one could obtain information not only about the dominating
photocurrent generation mechanism, but also about the E11 and E22 excitonic
processes.

Figure 8.3 shows the photocurrent as a function of excitation power and gate
voltage for excitation on the E11 and the E22. In figure 8.3a the photocurrent
response from the E11 is observed as a function of laser spot position along the
nanotube axis, for a range of gate voltages from +/- 0.5 V to +/- 8V. A larger
gate voltage would result in a sharper p-n junction and a larger electric field at
the junction. However, we do not observe any sizable increase in the magnitude of
the photocurrent, nor does the photocurrent response become spatially narrower.

The maximum photocurrent from figure 8.3a is shown in figure 8.3b as a
function of gate voltage. The photocurrent shows no increase with gate voltage
for low excitation powers. Once the electric field in the p-n junction is sufficiently
large to separate the exciton into free electrons and holes, a photocurrent can be
observed and an increase in the electric field will not increase the photocurrent
once the exciton has been dissociated. For larger excitation powers a slight
increase in the photocurrent can be observed.

In figure 8.3c the photocurrent as a function of excitation power from the E11
shows a sublinear dependence on excitation power. This could be interpreted
as the photocurrent resulting from dissociation of the E11 exciton [17]. The
photcurrent in figure 8.3c is proportional to the exciton density in the carbon
nanotube, where the slight saturation of the curve for larger excitation powers
could be an effect of exciton-exciton annihilation [18,19].

Similar investigation was performed on E22, see figure 8.3d-e. The dependence
of gate voltage of the photocurrent from the E22 was even smaller than from
the E11 as shown by the negligible photocurrent increase in figure 8.3d. For
very low powers the photocurrent even decreases slightly with increasing gate
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Figure 8.3: Power dependence and gate voltage dependence of the photocurrent. (a)
Line profiles of the photocurrent on the E11. The gate voltage (positive and negative
respectively on gate 1 and gate 2) was varied from +0.5 V to £8 V and the excitation
power used was 60 pW. The curves have been offset for clarity. (b) Gate voltage
dependence and (c) power dependence of the maximum photocurrent at E11. (d)-(e)
Shows the same measurement for E22.
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voltage. For larger excitation powers the variation of the photocurrent with gate
voltage is nearly negligible, apart from a small increase below 1 or 2 volts. When
exciting the carbon nanotube on the E22 there are two possible scenarios. Either
the E22 exciton can be directly dissociated into free electrons and holes, or it
decays into an E11 exciton which is then dissociated. The power dependence
in figure 8.3e shows a clear increase in the photocurrent with excitation power
and a slightly sublinear trend, similar to the E11. This would indicate that the
photocurrent at E22 also is proportional to the injected exciton density. The
increase in photocurrent with excitation power is slightly larger on the E22 (a
factor of 5) compared to the E11 (approximately a factor of 3).

8.3.2 Photocurrent response with thermal coupling to the
environment

Environmental conditions has been found to effect the photocurrent response of
graphene samples [8-10]. In order to here further investigate whether any contri-
bution to the photocurrent from a thermal mechanism may exist in a semicon-
ducting nanotube when excited on the E11 and E22, the photocurrent was studied
as a function of gas pressure. If the photocurrent results from a thermal mecha-
nism the magnitude of the photocurrent would depend on the thermal conditions
during the measurement. With an exchange-gas in the measurement chamber,
the heat sinking of the nanotube to the environment would be improved. By in-
creasing the thermal coupling to the environment any photothermal contribution
to the photocurrent would change in magnitude as a function of the exchange-gas
pressure. Also, any contribution to the photocurrent from the photovoltaic effect
would show negligible dependence on the exchange-gas pressure.

To investigate this hypothesis, we first measured the photocurrent maps on
the E11 and E22 in vacuum. Thereafter, we introduced He gas in the measure-
ment chamber. He gas has a thermal counductivity of 0.15 Wm~!K~! at room
temperature. The He gas in the measurement chamber would act as a heat sink
to the carbon nanotube, similar to when a nanotube is in contact with a sub-
strate. (Heat sinking of graphene samples through contact with substrates have
shown to affect the thermal properties [9].) The photothermal properties of the
carbon nanotube would hence be expected to be affected by the increased thermal
coupling.

The photocurrent maps were remeasured with approximately 0.5 bars and
0.75 bars of He gas in the measurements chamber. The results are presented in
figure 8.4. All photocurrent maps showed a resemblance of a two-fold pattern,
representative for the photovoltaic effect. The magnitude of the photocurrent on
the E11 decreases only slightly for increasing gas pressure, while the photocurrent
magnitude on the E22 decreases by a factor of 2-3. The shape of the photocurrent
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Figure 8.4: Gate dependent photocurrent response on the E11 and E22 with and
without He exchange-gas. Photocurrent maps were measured in vacuum and with 0.5
and 0.75 bar of He exchange-gas introduced in the measurement chamber, in order
to increase the thermal coupling of the carbon nanotube to the environment. The
energy of the excitation laser was 1.36 eV and 0.84 eV, resonant with the E22 and
E11 transitions, respectively. All photocurrent maps show a resemblance to the two-
fold symmetry, representative of the photovoltaic mechanism. The polarization of the
excitation laser was aligned along the nanotube axis and the excitation power used was
70 pW.

maps is also slightly distorted from the traditional two-fold symmetry. However,
we could still conclude that the photocurrent maps show a greater resemblance
with the photovoltaic mechanism than with the photothermal mechanism.

8.4 Conclusions

In conclusion, the resonant photocurrent response from a semiconducting carbon
nanotube has been investigated. We have found that the photovoltaic mecha-
nism dominates the photocurrent response not only off resonance (as shown in
chapter 7), but also when the semiconducting carbon nanotube is excited on
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resonance with the E11 and E22. The effect of environmental conditions on the
photocurrent was investigated by increasing the thermal coupling of the nanotube
to the environment (analogous with having the nanotube in contact with a sub-
strate). We found that the photovoltaic mechanism continued to dominate the
photocurrent response both on the E11 and the E22 even with increased thermal
coupling.

This concludes that the photovoltaic mechanism in semiconducting carbon
nanotubes could not be tuned by the environmental parameters investigated in
this study, nor was it altered by resonant excitation.

95



Chapter 8

Bibliography

1]

2]

3]

96

K. Balasubramanian, Y. Fan, M. Burghard and K. Kern. Photoelectronic
transport imaging of individual semiconducting carbon nanotubes. Appl.
Phys. Lett. 84, 2400 (2004).

J. U. Lee, P. P. Gipp and C. M. Heller. Carbon nanotube p-n junction
diodes. Appl. Phys. Lett. 85, 145 (2004).

Y. H. Ahn, A. W. Tsen, B. Kim, Y. W. Park and J. Park. Photocurrent
imaging of p-n junctions in ambipolar carbon nanotube transistors. Nano
Lett. 7, 3320 (2007).

F. Wang, G. Dukovic, L. E. Brus and T. F. Heinz. The optical resonances
in carbon nanotubes arise from excitons. Science 308, 838 (2005).

M. Barkelid and V. Zwiller. Photocurrent generation in semiconducting and
metallic carbon nanotubes. Nature Photon. 8, 47 (2014).

J. C. W. Song, M. S. Rudner, C. M. Marcus and L. S. Levitov. Hot car-
rier transport and photocurrent response in graphene. Nano Lett. 11, 4688
(2011).

N. M. Gabor et al. Hot carrier-assisted inrinsic photoresponse in graphene.
Science 334, 648 (2011).

D. Sun et al. Ultrafast hot-carrier-dominated photocurrent in graphene.
Nature Nanotechn. 7, 114 (2012).

M. Freitag, T. Low and P. Avouris. Increased responsivity of suspended
graphene photodetectors. Nano Lett. 13, 1644 (2013).

M. Freitag, T. Low, F. Xia and P. Avouris. Photoconductivity of biased
graphene. Nature Photon. 7, 53 (2013).

M. S. Dresselhaus, G. Dresselhaus, R. Saito and A. Jorio. Exciton photo-
physics of carbon nanotubes. Annu. Rev. Phys. Chem. 58, 719 (2007).

J. Kong, H. T. Soh, A. M. Cassell, C. F. Quate and H. Dai. Synthesis
of individual single-walled carbon nanotubes on patterned silicon wafers.
Nature 395, 878 (1998).

M. Barkelid, G. A. Steele and V. Zwiller. Probing optical transitions in in-
dividual carbon nanotubes using polarized photocurrent spectroscopy. Nano
Lett. 12, 5649 (2012).



BIBLIOGRAPHY

[14]

(18]

[19]

G. Buchs, M. Barkelid, S. Bagiante, G. A. Steele and V. Zwiller. Imaging the
formation of a p-n junction in a suspended carbon nanotube with scanning
photocurrent microscopy. J. Appl. Phys. 110, 074308 (2011).

Y. Miyauchi et al. Tunable electronic correlation effects in nanotube-light
interactions. arXiv:1508.5438 (2013).

K. Liu et al. High-throughput optical imaging and spectroscopy of individual
carbon nanotubes in devices. Nature Nanotechn. (2013).

M. Y. Y. Kumamoto, A. Ishii, A. Yokoyama, T. Shimada and Y. K. Kato.
Spontaneous exciton dissociation in carbon nanotubes. arXiw:1307.5159
(2013).

K. Matsuda, T. Inoue, Y. Murakami, S. Maruyama and Y. Kanemitsu. Exci-
ton dephasing and multiexciton recombinations in a single carbon nanotube.
Phys. Rev. B 77, 033406 (2008).

Y. Murakami and J. Kono. Existence of an upper limit on the density of ex-
citons in carbon nanotubes by diffusion-limited exciton-exciton annihilation:
Experiment and theory. Phys. Rev. B 80, 035432 (2009).

97






Chapter 9

Large and Tunable
Photothermoelectric Effect in
Single-Layer MoS,

Michele Buscema, Maria Barkelid, Val Zwiller, Herre S. J. van der Zant, Gary
A. Steele, Andres Castellanos-Gomez

We study the photoresponse of single-layer MoSs field- effect transistors by scan-
ning photocurrent microscopy. We find that, unlike in many other semicon-
ductors, the photocurrent generation in single-layer MoSs is dominated by the
photothermoelectric effect and not by the separation of photoexcited electron-
hole pairs across the Schottky barriers at the MoSs/electrode interfaces. We
observe a large value for the Seebeck coefficient for single-layer MoSs that by an
external electric field can be tuned between -4-10% and -1-10°y VK. This large
and tunable Seebeck coefficient of the single-layer MoSs paves the way to new
applications of this material such as on- chip thermopower generation and waste
thermal energy harvesting. !

IThis chapter has been published in Nano Letters 13, 358-363 (2013).
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9.1 Introduction

The experimental realization of graphene [1,2] has opened the door not only
to study exciting new phenomena but also to explore a whole new family of
two-dimensional materials with complementary properties [3,4]. For example,
atomically thin semiconductor materials with a large bandgap are very interest-
ing for electronic and optoelectronic applications where the lack of bandgap in
graphene is hampering its applicability. Single-layer MoS, presents a large intrin-
sic bandgap (1.8 eV) [5-9], large in-plane mobility (200-500 cm?V ~1s~1) [6] and
remarkable mechanical properties [10,11]. These properties are of great interest
for sensors [12], flexible circuits [13,14] and optoelectronic devices [15-17].

Recent works studying the optoelectronic properties of MoSs have shown that
the photoresponse of externally biased MoSs-based phototransistors is driven by
the change in conductivity upon illumination [15-17]. The photovoltaic effect in
MoS, devices has also been reported with metallic electrodes that generate large
Schottky barriers (SBs) and poor electrical contacts [18,19]. These previous works
made use of either an externally applied or a built-in electric field to separate the
photogenerated carriers.

Here, we employ scanning photocurrent microscopy to study the photocurrent
generation mechanism in single-layer MoSs transistors with no Schottky barriers
and no external bias. We demonstrate that in contrast to previous studies the
photo- thermoelectric effect dominates the photoresponse in our devices. From
our observations, we estimate the electric-field modulation of the Seebeck coeffi-
cient for single-layer MoSs, finding a large value that can be tuned by more than
2 orders of magnitude.

9.2 Sample preparation and characterization

The devices consist of a single-layer MoS, flake, deposited onto a Si/SiOy (285
nm) substrate by mechanical exfoliation [3]. Electrical contacts have been fab-
ricated by standard electron-beam lithography and subsequent deposition of a
Ti(5 nm)/ Au(50 nm) layer. A combination of atomic force microscopy (AFM),
Raman spectroscopy, and optical microscopy [20] has been used to characterize
the MoSs samples. Figure 9.1a shows an AFM image of a field effect transistor
(FET) fabricated with a single-layer MoSs flake. The line trace in Figure 9.1b
shows that the height of the flake is around 0.9 nm in agreement with values pre-
viously reported in the literature [20]. Raman spectroscopy was also employed to
further characterize the deposited MoS, layers [21-23]. As reported by C. Lee et
al. [21] the frequency difference between the two most prominent Raman peaks
depends monotonically on the thickness and it can therefore be used to accurately
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Figure 9.1: (a) Atomic force microscopy image of one of the studied devices, showing
the MoS, flake and the electrodes used to make electrical contact. (b) Line profile
over the dashed line in panel (a) showing the MoS, flake height. (c¢) Source-drain
current versus source-drain bias characteristics measured at different gate voltages. (d)
Electrical transport characteristic of a MoSg-based FET device (source-drain current
versus gate voltage) measured at different source-drain bias. For both panels (¢) and
(d), the channel length is 1.6 pm and width is 4.5 pm. (e) Schematic of the SPCM setup
showing the excitation path and electric circuit used to perform SPCM measurements.

determine the number of MoSy layers. The Raman spectroscopy measurements
confirm that our devices are single-layer MoSs. In order to increase the quality
of the electrical contacts, the samples were annealed at 300°C for two hours in a
Ar/H; flow (500 sccm /100 scem) [6]. Figure 9.1c shows source-drain characteris-
tics of the single layer device at different gate voltages shown in Figure 9.1a. The
current versus voltage relationship remains almost linear for a broad bias range,
indicating that the conduction through the device is not dominated by Schottky
barriers (SBs), which is in agreement with previous results by Radisavljevic et al.
using similar electrode materials and annealing conditions [6]. Moreover, variable
temperature transport experiments on MoSs using low work function electrodes
(Ti and Sc) demonstrated a Schottky barrier height slightly larger than kgT at
room temperature [24].

This is also consistent with recent density functional theory simulations and
experimental work that demonstrate that Ti/MoS, interfaces provide ohmic con-
tacts [25,26]. Figure 9.1d shows various gate traces measured at different source-

101



Chapter 9

[ a b -~ c
Sample A Current (pA)
4 S ' 4 5
1
: ' » N
] %
' '
= o | 3

Figure 9.2: (a) Spatial map of the intensity of the reflected light from the device
(white corresponds to low reflection). Electrodes have been numbered for clarity. (b)
Photocurrent image of the MoS2 FET. The colorscale in the inset gives the photocurrent
value. (c) Superposition of the photocurrent map (from (b), same colorscale) and
contours of the electrodes as obtained from the light reflection map. The scale bars are
always 1 ym. Reflection and photocurrent measurements are performed simultaneously
with electrode number 3 connected to a current to voltage amplifier while the other
electrodes are connected to ground. Excitation is given by a CW laser, A = 532 nm,
P =1 uW, spot waist radius ~400 nm. The region of the flake from the right edge of
electrode 2 to the right edge of electrode 3 is composed by multiple layers of MoS2 (see
figure 9.5 for a more detailed description). No current is seen flowing from electrode 1
or 6 because of poor contact between those with the underlying MoS, flake.

drain voltages. The device shows a pronounced n-type behavior with a current
on/off ratio exceeding 10 and a mobility of ~0.85 cm?V~!'s~!  that is charac-
teristic of single-layer MoSy FETs fabricated on SiOs surfaces [6,12,15,26-28].

To spatially resolve the local photoresponse of the MoS,-FET device, we
performed scanning photocurrent microscopy (SPCM) in a home-built scanning
confocal microscope (see Figure 9.1e) with excitation provided by a continuous
wave green laser (A = 532 nm) and a supercontinuum tunable source (at A =
750 nm) [29]. In our experimental setup, the intensity of the reflected laser light
(Figure 9.2a) and the photocurrent (Figure 9.2b) generated in the device are
simultaneously recorded at every position during the scanning of the laser spot.
It is thus possible to superimpose the two images to accurately determine where
the photocurrent is generated (Figure 9.2c).

The gray scale image in Figure 9.2c shows the reflection image and the color-
scale shows the simultaneously measured current flowing through the device at
zero bias (electrode 3 is connected to a current-to-voltage amplifier while all
other electrodes are connected to ground). As it can be seen (e.g., by looking at
electrode 3), there is photogenerated current at zero bias even when the laser spot
is placed inside the area of the electrodes, micrometers away from the electrode
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edges, corresponding to distances up to 10 times larger than the full-width at
half-maximum of the laser spot intensity profile. This is in striking contrast with
several earlier findings on photocurrent on graphene [30, 31], which is localized
at the interface between the graphene flake and the metal electrodes. In these
previous works, the zero-bias photocurrent generation mechanism was attributed
to the electron-hole separation at the SBs. This mechanism, however, cannot
explain the presence of a photogenerated current when the laser is illuminating
the metal electrodes, far from the electrode edges where SBs would be located.

The observation of photocurrent with the laser positioned deep inside the
metal electrode suggests that the principal photocurrent generation mechanism in
our device is different from photocurrent generation by the separation of photoex-
cited electron-hole pairs due to the localized electric field at the metal/semiconductor
interface. This observation is also consistent with our conclusions from the data
in Figure 9.1b that the SBs are not relevant for the transport characteristics of
the device.

9.3 Photothermoelectric Effect in MoS,

In order to gain a deeper insight into the photoresponse mechanism of single-layer
MoSs FETs, we have performed scanning photocurrent measurements using dif-
ferent illumination wavelengths. Figure 9.3a shows a photoresponse map acquired
with green (A = 532 nm, hv = 2.33 ¢V) illumination. The photovoltage is ob-
tained by dividing the measured photocurrent by the device resistance, measured
under the same illumination conditions. A line profile of the photocurrent mea-
sured along the dashed green line in Figure 9.3a is presented in Figure 9.3b as
open blue circles. The solid red line is a Gaussian fit to the data corresponding
to a diffraction limited laser spot. Notice that there is a significant photocurrent
tail generated when the laser is scanned over the electrode (arrow in Figure 9.3b).
This is again inconsistent with a response shifted into the MoS, region, as would
be expected for a photovoltaic response from Schottky barriers.

Figure 9.3c shows a photoresponse map acquired with red (A = 750 nm, hv
= 1.65 eV) illumination. The photovoltage is calculated as in Figure 9.3a. Note
that the photovoltage under green illumination is larger because of the lower
reflectance (and thus higher absorption) of the gold electrodes for this wave-
length. The observation of photoresponse even for photon energies lower than
the bandgap (Figure 9.3c) cannot be explained by separation of photoexcited
electron-hole pairs (see Figure 9.3e, top panel). Moreover, previous photo- con-
ductivity measurements in MoSs transistors under large source-drain bias have
not shown any significant photoresponse for excitation wavelength above 700 nm
(or below 1.77 €V) [15,32]. This indicates that sub-bandgap impurity states are
either not present or do not contribute to photocurrents, even in the presence
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Figure 9.3: Photovoltage map of a single layer MoS2 FET using an excitation wave-
length of 532 nm (a) and 750 nm (c). (b,d) Photocurrent profile across the linecut
in panels a,c (open blue circles). The solid red line is a Gaussian fit of the data and
the arrow points at the photocurrent tail generated when the laser spot is scanned
over the electrode. The shaded blue area represents the electrode area as determined
by the reflection signal. (d) Schematic of photoresponse mechanism in a typical metal-
semiconductor-metal device. (e) Schematic of the photoresponse mechanism in a device
dominated by photothermoelectric effect. The conduction band is drawn in blue while
the valence band is drawn in red.

of a large extraction bias, precluding sub-bandgap states as a possible source of
photocurrent in Figure 9.3c. From these considerations, we conclude that the
generation of photocurrent with excitation energies below the bandgap cannot
be ascribed to a photovoltaic effect.

Interestingly, for above-bandgap illumination, where photovoltaic effects could
play a role, the photocurrent images show characteristics that are qualitatively
very similar to those for below bandgap illumination. A line profile of the pho-
tocurrent measured along the dashed green line in Figure 9.3c is presented in
Figure 9.3d in the same fashion as in Figure 9.3b to facilitate the comparison.
The qualitative agreement, and in particular the tail of photocurrent when the
laser is focused over the metal, suggests that the photogeneration mechanism is
not dominated by photovoltaic effects even for above-bandgap excitation. This
hypothesis is also consistent with a lack of the gate dependence of the SPCM
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images at above bandgap excitation energies (A = 532 nm). In particular, the
position of the maximum photocurrent in the photovoltaic effect would be ex-
pected to shift with the gate voltage, an effect also not observed in our devices
(see Figure 9.6¢). This also suggests that the main mechanism for photocurrent
generation, even with above-bandgap illumination, is not the photovoltaic effect.

The negligible role of the SBs in the conductance of the devices, the strong
measured photocurrent inside the area of the electrodes whose position is gate-
independent and the observation of qualitatively identical photoresponse between
sub and above-bandgap illumination all suggest that photovoltaic effects can-
not be responsible for the photoresponse observed here. Instead, we propose
that the photoresponse in our device arises from a strong photothermoelectric
effect [33-37]. In the photothermoelectric effect (Figure 9.3e, bottom panel),
a temperature gradient arising from light absorption generates a photothermal
voltage across a junction between two materials with different Seebeck coefficient.
This photothermovoltage can drive current through the device. This mechanism
is consistent with our observation of strong photocurrents when the laser is fo-
cused on the metallic electrodes and also explains the presence of localized and
intense photocurrent spots at the edges of the electrodes where the laser absorp-
tion is increased and the heat dissipation is reduced. Moreover, it would also
explain the stronger photocurrent in the electrode area in Figure 9.2 where the
MoSs underneath the electrode is more than one layer thick which reduces the
thermal coupling with the substrate and thus increases the local temperature of
the electrode (see section 9.3.1).

The photothermoelectric generation of current can be understood as follows:
the local absorption of the laser creates a local heating of the junction between
the gold and the MoSs layer. This local heating of the junction is translated
into a voltage difference (AV prg), which will drive current through the device,
by the difference between the Seebeck coefficients of the MoSs flake (Sys0s,) and
the electrodes (St;4.) and the local increase of the junction temperature (AT).
This AT can be modeled as the temperature difference of the locally heated gold
electrode (T 4,) and a part of the MoS, flake which is distant from the junction
(TMosz)'

AV = (Saros, — Stian) AT (9.1)

= (Smos, — STiau)(TrMos, — Triau)

9.3.1 Relationship between morphology and SPCM mea-
surements

Figure 9.4 shows two optical micrographs of the studied MoS, FETs. The insets

show the MoS, flakes as deposited on the SiOs/Si substrate. The different con-
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Figure 9.4: Optical micrograph of the 3 single-layer MoSy devices studied.

trast can be associated with different thicknesses in the same flake. The Ti/Au
electrodes appear homogeneously reflective and this is an indication of good qual-
ity of the deposition and smoothness of the metallic surface.

Figure 9.5 shows the relationship between the morphology of the MoSs flake
and the measured photocurrent. From panel (a) to (d) clockwise, the flake is
contoured to show which regions are single layered (1L) or multi layered (>1L),
then the electrodes from the optical image in Figure 9.4 are superimposed to the
flake, then the SPCM data from Figure 9.2(b) are aligned with the electrodes and
the flake. Finally the electrodes are removed. This process allowed to precisely
determine which regions of the flake correspond to which value of measured PC.
It is clearly visible that multilayer regions covered by the electrode have higher
PC. This is due to the fact that multilayer MoS;, is thermally decoupled from
the substrate, allowing for a higher increase in temperature and, thus, a higher
current (see Figure 9.2 and expression 9.2).

9.3.2 Gate dependent photocurrent spectroscopy

Figure 9.6(a) and (b) show a scanning photocurrent microscopy (SPCM) image
(at zero source- drain bias) of one of the studied devices and a schematic of the
electrical circuit used to measure the photocurrent, respectively. By performing
SPCM measurements with gate voltages ranging from +30 V to -30 V, displayed
in Figure 9.6(c), we determine that the position of the photocurrent peaks does
not change (within experimental resolution) with respect to gate voltage. This
is in contrast with earlier findings on devices in which the photocurrent is gen-
erated by the separation of photo-excited electrons and holes due to the electro-
static potential in p-n junctions or SBs whose extension depends on the charge
carrier concentration. As the charge carrier density is reduced, the potential
gradient would extend deeper into the material yielding a maximum photocur-
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Figure 9.5: (a) MoS; flake with contours determined from the optical contrast indi-
cating which regions are single layer (1L) or multilayers (>1L). (b) MoS, flake super-
imposed with the electrodes from Figure 9.4. (c) Data from SPCM superimposed to
panel (b). (d) MoS; flake with contours indicating the number of layers and SPCM
data obtained by removal of the electrodes.

rent further and further away from the electrode edges (see Figure 9.6(d)) [3-8].
Therefore, the absence of shift in the position of the measured photocurrent (see
Figure 9.6(c)) demonstrates that the mechanism behind the generated photocur-
rent is not the separation of carriers by the built-in electrical potential along
the SB near the electrodes and supports the proposed mechanism based on the
photo-thermoelectric effect. As shown in Figure 9.6(e), the photo-induced tem-
perature raise in the electrodes generates a voltage (AV prg , see expression 9.2)
that can drive current through the device. This happens only when the laser is
focussed onto the electrode surface as the absorption of laser light by the MoS,
flake is negligible.
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Figure 9.6: (a) Scanning photocurrent image of a single-layer MoSy FET taken at A
= 532 nm. Note that the current-to-voltage amplifier is connected to electrode 4, while
electrode 3, 5 and 6 are connected to ground. (b) Schematic cross-section of the device,
showing the electrical circuit used to perform the measurements. (c) Photocurrent line
profiles (along the green dashed line in panel (a), A = 532 nm) for gate voltages of
+30, +15, +7.5, 0, -7.5, -15, -30 V from top to bottom. Consecutive lines are shifted
by 50 pA for clarity. Shaded areas indicate the position and size of electrodes number
3, 4 and 5 as determined from the reflection signal; the colors of the shading indicates
the sign of the photocurrent. (d) Schematic of the energy diagram of a typical Metal-
Semiconductor-Metal device (top) and of the magnitude of a photocurrent line profile
over such a device showing the expected gate-induced spatial shift in the photocurrent
peak (bottom). (e) Schematic of the energy diagram of the single-layer MoSs device
when the laser spot is incident on the electrode (top) and on the MoS; flake (bottom).
In both panels (d) and (e) the conduction band is drawn at different gate voltages and
the valence band is not shown for clarity.
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9.4 Tunable Seebeck Effect in MoS,

We have further studied the gate dependence of the photothermoelectric effect in
single layer MoSy by measuring the electrical transport characteristics of single
MoS- devices while the laser spot is placed at a location with high photoresponse.
For illumination wavelengths with a photon energy higher than the bandgap,
the threshold voltage is shifted toward very negative values (see Figure 9.7a)
not reachable without leading to gate leakage. It is therefore preferable to use
illumination wavelengths with photon energy below the bandgap to minimize
this photoconductivity effect. Figure 9.7b shows the photothermoelectric voltage
(AV prEg) measured for a single-layer MoSs device at different gate voltages. The
photothermoelectic voltage is the intercept with the voltage bias (V) axis of the
IV characteristic of the devices measured under sub-bandgap illumination. By
decreasing the gate voltage below the threshold voltage, the photothermoelectric
voltage shows a substantial increase. As the AV prg is proportional to the dif-
ference in the Seebeck coefficients and the temperatures of the AuTi electrodes
and MoS, flake (expression 9.2), the observed behavior can be attributed to the
expected gate dependence of the Seebeck coefficient of MoSs.

At a microscopic level, the Seebeck effect is due to three microscopic processes
that are in dynamic equilibrium with each other [38,39]. The first process is the
diffusion of electrons due to a steady state temperature gradient along a con-
ductor; this process is proportional to the specific heat capacity of the electrons
in the conductor. The second process is the variation of the chemical potential
with temperature; this will modify the concentration of electrons along the tem-
perature gradient and, therefore, induce a diffusive flux of electrons. The third
process is the phonon-drag; as phonons diffuse from the warm side of the con-
ductor to the cold side, they can scatter and drag along electrons. This process
is proportional to the electron-phonon coupling and the specific heat of phonons.
All these processes depend on or influence the density of states in the conductor.
Therefore, they are bound to show a behavior which is dependent on an external
gate electric field.

As it is difficult to experimentally determine microscopic properties such as
the energy dependent density of states in a given sample, the Seebeck coefficient
is often parametrized in terms of the conductivity of the sample using the Mott
relation [40-43]

27.2
g_T kT din(o(E)) . 9.2)
3e dE
where kg is the Boltzmann constant, T is the temperature, e is the electron
charge, o(E) is the conductivity as a function of energy, and the derivative is
evaluated at the Fermi energy Ep.
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Figure 9.7: (a) Resistance of a single-layer MoS2 device as a function of gate voltage in
dark state and with the laser spot placed on the MoS; /electrode interface. Two different
illumination wavelengths have been used (532 and 750 nm). (b) Photothermoelectric
voltage for a single-layer MoS, device measured with the laser spot (A = 750 nm) placed
on the MoSs/electrode interface. (c) Estimated Seebeck coefficient versus gate voltage.
The values are calculated from eq 1 using the measured photovoltage (symbols). The
gray shaded area is the uncertainty due to the uncertainty in the estimation of the
temperature gradient. The dashed light blue line corresponds to the Seebeck coefficient
value of bulk MoS2 with experimental uncertainty (shaded light blue area). The satu-
ration effect at negative gate values is due to the high resistance of the device, leading
to a current value below the noise floor of the current-to-voltage amplifier.
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Using expression 9.2 we estimate the maximum Seebeck coeflicient in our
device to be on the order of -0.2-10°VK~!, roughly an order of magnitude lower
than the value we estimate from our measurements (see below). This discrepancy
could arise from the fact that expression 9.2 is based on the assumption that the
conductor is a metal or a degenerate semiconductor, which is not the case for a
single flake of MoS, near depletion.

According to expression 9.2 the Seebeck coefficient of MoSs can be determined
from AV prg and the estimate of the temperature gradient across the AuTi/MoSs
junction. Notice that the Seebeck coefficient of AuTi is negligible with respect
to that of MoS,; and no gate dependence is expected. To estimate the increase
of temperature induced by the laser illumination, we have performed a finite
elements analysis calculation, taking into account the reflections losses in the
objective and at the surface of the sample and the absorbed intensity through
the material according to I = I[1 — e~®?] where « is the absorption coefficient
of the material and d is its thickness. With the employed laser excitation (A =
750 nm, Iy = 60 uW, and Rgper = 500 nm), if we assume that all the energy
delivered by the laser is converted into heat we obtain AT 4y74/070s, ~ 0.13 K.
Figure 9.7c shows the estimated values; the experimental data are represented
by squares while the shaded area represents the uncertainty in the estimation
of the Seebeck coefficient deriving from an assumed uncertainty of a factor of 3
in the calculation of the temperature gradient (that is AT 4,7;/110s, in between
0.04 and 0.4 K). The Seebeck coefficient value for bulk MoS, (between ~500 and
~700 pVK™1) is also plotted to facilitate the comparison [44]. A negative value
of the Seebeck coefficient is expected for n-type semiconductors.

The obtained value for the Seebeck coefficient is remarkably large and varies
strongly with the gate voltage from -2:10% ~ -1.5-10% uV /K at high doping levels
(high positive gate) to -3-10* ~ -3-10% uV /K at low doping levels (high negative
gate). Notice that at negative gate voltages, the Seebeck coefficient value satu-
rates. This is due to the large resistance of the device at negative gate voltages
that yields to a measured photocurrent that can be below the noise floor of the
current amplifier (leading to the observed saturation in the estimated Seebeck
coefficient).

The Seebeck coefficient that we observe for single-layer MoSs is orders-of-
magnitude larger than that of graphene (44 to 100 pVK™1) [33,34,45-47], semi-
conducting carbon nanotubes (~ -300 pVK~1) [48], organic semiconductors (~
1-10% pVK~1!) [49] and even than materials regularly employed for thermopower
generation such as BiTe (+150 pVK~1!) [23,50,51]. On the other hand, the
presented Seebeck coefficient is comparable with other materials such as MnO,
powder (20-10% ~ 40-10®> pVK™!) [52] and Fe O3 (£10 - 10® pVK™!) [53]. In
addition, the wide gate tunability of the Seebeck coefficient can be useful for
applications such as on-chip power generation and thermoelectric nanodevices.
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These applications include, but are not limited to, energy harvesting of waste
thermal energy of other processes [54,55] and to the possibility of developing
autonomously powered devices [56,57]. In all these applications, the tunability
of the Seebeck coefficient represents an efficient way of optimizing device perfor-
mances [56,57].

9.5 Conclusions

In summary, using sub-bandap illumination, we have demonstrated a clear and
strong photothermoelectric effect arising from the large mismatch between the
Seebeck coefficients of the MoSs and of the electrodes. Furthermore, the identical
qualitative characteristics of the photocurrent images for above bandgap illumi-
nation suggests that the photothermal effect is also the dominant mechanism
for photocurrent generation here as well, and that photovoltaic effects seem not
to play a significant role. We estimated the Seebeck coefficient for single-layer
MoSs,, finding a large value which can be tuned by an external electric field be-
tween ~ -4-102 and ~ -1-10° pVK~!. This value is 70-25000 times larger than
the values reported for graphene. From these results, we expect that single-layer
MoS; could be an interesting complement to graphene in applications requiring
a material with a large and tunable Seebeck coefficient, such as thermoelectric
nanodevices or energy harvesting.
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Chapter 10

Conclusions and Outlook

In this chapter we will briefly summarize the results of this thesis and put them
into a broader context. We will discuss future directions building on the knowl-
edge we have retrieved or complementing the experiments presented in this thesis.
Thereafter the current status of the field of carbon nanotube optoelectronics will
be discussed and the future of this field reflected upon.

10.1 Summary and Conclusions

The experiments in this thesis were designed to gain an increased knowledge
about light matter interaction in carbon nanotubes.

We employed the techniques of scanning photocurrent microscopy (SPCM)
and photocurrent spectroscopy to probe the physics in a carbon nanotube p-n
junction. The carbon nanotubes used were fabricated to be ultra-clean, in order
to avoid disorder and impurity sites. The p-n junction was chosen as the device
platform as it is a key component in applications where energy is transferred
between photons and electrons, such as photodetectors, light-emitting-diodes and
solar cells.

First we demonstrated the high degree of control we can achieve over our
device with electrostatic doping and show how we can use SPCM to study the
spatial evolution of the p-n junction. We continue to study the physical proper-
ties of semiconducting carbon nanotubes. Using photocurrent spectroscopy we
can probe the optical resonances in the carbon nanotube. We show that the
polarization dependence of the photocurrent gives information about the dielec-
tric constant of the carbon nanotube, a fundamental property which up until
now was commonly used as a fitting parameter could now be experimentally de-
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termined. By studying the photocurrent on and off resonance with the E11 and
E22, a lower limit for a quantitative number for the absorption coefficient was ob-
tained. The absorption coefficient in carbon nanotubes was previously addressed
on a relative scale in units of cm?/mole [1,2]. These numbers were measured for
nanotubes in solution and cannot be readily translated to individual suspended
carbon nanotubes.

Thereafter we continue to exploit the optical resonances, as this is an extraor-
dinary feature, differing carbon nanotubes from conventional optical systems such
as quantum dots and nanowires. We now show that these resonances can be use-
ful for developing applications based on carbon nanotubes, such as photovoltaic
devices.

We then carry out a study on both semiconducting and metallic carbon nan-
otubes in identical device configurations and go to the bottom of the underlying
mechanism for photocurrent generation in carbon nanotubes. By studying the
photocurrent as a function of charge carrier doping two different mechanisms
become apparent. In metallic carbon nanotubes the photocurrent is a result of
a dominating photothermal effect, while in semiconducting carbon nanotubes it
predominately arise from the photovoltaic effect.

We then continue to explore the photocurrent generation in a semiconducting
nanotube and found that the photovoltaic mechanism continues to dominate the
photocurrent response when the nanotube is excited on resonance with the E11
and E22. Additionally an increased thermal coupling between the nanotube and
the environment did not show any signs of altering the dominant photocurrent
generation mechanism in the semiconducting carbon nanotube.

Finally we expand our research to a different material system, MoSs. Pho-
tocurrent studies on a single layer MoS; device shows that in this system the
photocurrent generation is due to the photothermal effect.

10.2 Future Directions

Here we give some suggestions for improvements on the existing device design
and discuss a selection of future experiments which can be of interest in the field
of carbon nanotube optoelectronics.

Improvements on Current Device Design

The current device design of a suspended contacted carbon nanotube with trench
gates for electrostatic doping could be improved in a number of ways. For a start
it could prove useful to increase the spacing between the trench gates. With
a larger spacing (perhaps in the order of 500 nm to 1 pm) the junction would
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become a p-i-n junction instead of a p-n junction. This would reduce band-to-
band tunneling and could improve the diode characteristic of the device.

One could also consider to reduce the depth of the trench over which the
carbon nanotube rests. The depth of the trench was designed to accommodate the
slack of the carbon nanotube as such a long segment is air-suspended. However
with a reduced trench depth the gates would have a stronger influence over the
potential landscape of the carbon nanotube. One approach to realize this could
be to use stamping of the carbon nanotubes [3,4] onto a prefabricated device
structure. This would minimize slack of the suspended carbon nanotube and
the trench depth could therefore be reduced, bringing the nanotube in closer
proximity to the gates.

Another important feature of improvement of the p-n device is the contacts.
The quality of the contact is a major source of poor device characteristics. The
contact material currently used is Pt which has a work function that lies in
the valence band of the carbon nanotube. That means it makes a good p-type
contact, but a poor n-type contact. It would be a good idea to use two different
metals for the p- and n-contact. Suitable material for a n-type contact could for
example be Ca [5], Sc [6] or Y [7].

To improve the contact resistance of our existing contacts a small amount of
Pd could be introduced together with the Pt to make an alloy. If the amount of
Pd is kept sufficiently small it could improve the quality of the contact (reduce
the contact resistance) without reducing the ability for the metal to withstand
high temperatures (as currently during the CVD process, see chapter 3).

The contact resistance may also be reduced through annealing [8,9]. The
best option would then be to have a four terminal device, such that a current can
be passed through the metal electrodes, but not through the carbon nanotube.
Local current annealing would be advantageous to global thermal annealing as it
would only address the metal contacts and minimally affect the carbon nanotube.

Continued Exploration of the Photocurrent Generation Mechanism

The investigation of the underlying photocurrent generation mechanisms in car-
bon nanotubes (chapter 7) could be expanded further to for example include
some of the ideas mentioned here, as well as probably many other aspects which
we will see in the near future.

In carbon nanotubes the photothermal and the photovoltaic mechanism are
both present, however one of the effects is responsible for the dominating contri-
bution to the photocurrent generation in the respective nanotube species. It could
be interesting to investigate the dominating photocurrent generation mechanism
as a function of carbon nanotube diameter. For large band gaps the photovoltaic
effect would dominate, however, as the nanotube band gap becomes comparable
to kT the photothermal effect might start to play a role. Naturally the diameter
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p-type >4um n-type
~100-300 nm

p i n

Figure 10.1: Schematic of improved device design. The contact material is selected to
make one good p-type and one good n-type contact. The gates have a large separation so
that the junction will turn into a p-i-n junction. The separation between the electrodes
is long, to allow measurements of for example hot carrier cooling lengths and the depth
of the trench is reduced in order to increase the coupling efficiency of the gates to the
nanotube.

for when this change in photocurrent generation mechanism occurs will depend
on measurement parameters such as the temperature.

Similarly, in a carbon nanotube with a small band gap, which shows signs of
the photothermal mechanism at room temperature, it might show a change over
to the photovoltaic mechanism when cooled down to a temperature where the
small band gap becomes relatively large compared to kT.

With the help of a magnetic field a band gap could also be opened up in a
'nominally’ metallic carbon nanotube [10] and a change from the photothermal
(when the nanotube shows metallic characteristics) to the photovoltaic effect
(when the band gap becomes large compared to kT) could be studied as a function
of magnetic field.

Hot-Carrier Lifetime in Carbon Nanotubes

The life time of charge carriers can be probed using time-resolved measurements.
Hot carriers in graphene is known to have a very long cooling length (approxi-
mately 5 pm) and at the same time a long carrier life time (on the order of 100
ps) [11].

The lifetime of charge carriers in carbon nanotubes has been researched in
the past and the measured decay times in lifetime measurements are in the or-
der of picoseconds. However, as nanotubes suffer extensively from non-radiative
recombination the actual lifetime of carriers after taking the quantum efficiency
into account is in the order of nanoseconds.

In a metallic, or small bandgap, nanotube the photoexcited carriers become
hot compared to the lattice. The lifetime of these hot carriers has not been
measured in carbon nanotubes, but in graphene they have been found to stay
hot for approximately 5 pm of traveling distance.

Pump-probe measurements could be performed on a metallic carbon nanotube
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p-n junction. The ultimate limit of the cooling length of the hot carriers would be
the presence of the contacts located 2 um away from the junction (in the current
device design). In order to measure the real cooling length of the hot carriers in
metallic nanotubes the contacts of the device must be located far away from the
junction.

It could also be interesting to study the charge carrier lifetime as a function
of temperature. At low operating temperatures the Seebeck effect decreases,
reducing the photocurrent, while the lifetime of the charge carriers increases, due
to reduced scattering, which will increase the photocurrent. As we know that
the photothermal effect dominates the photocurrent generation in our metallic
nanotube down to 50 K (see chapter 7), we know that we are indeed probing
hot carriers in our photocurrent measurements in the metallic carbon nanotube

down to 50 K.

Exciton dissociation mechanism

The mechanism of exciton dissociation in carbon nanotubes is still an open ques-
tion in the community. By now we have a lot of information about the exciton
size, diffusion length and lifetime. However, the mechanism by which an excition
decomposes into free charge carriers is not clearly understood.

For this study it could prove informative to compare emission and absorption
in the same nanotube and under the same measurement conditions. One way to
do this is for example photocurrent and photoluminescence or electroluminescence
measurements on the same carbon nanotube device. By studying the spectral
shift, intensity or linewidth, important information could be obtained about the
absorption and recombination processes of the excitons in carbon nanotubes.

Recent work by Y. Kato’s group [12] on simultaneous photoluminescence and
photocurrent experiments on a suspended carbon nanotube they find that a large
fraction of injected excitons, through photoexcitation, undergo spontaneous dis-
sociation into free electron-hole pairs.

Work by the groups of T. Heinz [13] and F. Wang [14] suggests that inter-
subband scattering between the K and K’ valley is another important factor to
consider.

10.3 Current Status of the Field

The field of carbon nanotubes have developed rapidly since it’s discovery in 1991.
Today, after more than 20 years of research, the field of carbon nanotube research
show no sign of slowing down. One of the major research directions in the field
is the synthesis of carbon nanotubes. A lot of effort is designated to improve
the control of nanotube growth. Understanding the growth mechanism [15, 16]
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is one aspect, and controlled chirality growth [17,18] is another. Here, optical
techniques could be used in situ, as a probe, to study the synthesis [19].

Current ’hot’ research questions are the implication of strain on the nanotube
optical and electrical properties. Could strain be a problem or a possibility?
In the optical community the absorption cross section of carbon nanotubes is a
current matter of debate. This particular property has been measured by several
research groups [1, 20, 21], everyone with a different result. Large systematic
studies would be needed to answer the questions: "Is the absorption cross section
chirality dependent? Should this parameter be expressed in terms of nanotube
concentration or number of carbon atoms?" Finally, a large debate is ongoing
concerning thermal effects in carbon nanotubes and how this would influence the
electrical and optical properties.

The biggest challenge for carbon nanotubes, both from a research interpre-
tation point of view, as well as for the step towards applications, is the (n,m)
diversity. The multiple nanotube chiralities provide in equal measures a richness
of the physics and complexity. Cloning carbon nanotubes in order to achieve
consistent chirality [22] might in the future provide a viable approach for carbon
nanotubes in applications.

In addition the field of nanotubes (and other carbon sciences) is starting to
influence other research field, for example biology, where nanotubes, due to their
small size can for example be used as sensitive probes for various usage.

10.4 Outlook

The field of carbon nanotube research is still moving forward at a rapid pace.
What the future has in store one can only speculate in, however, a few calculated
guesses will be described below:

Metrology will become increasingly important if nanotubes one day are going
to attract the interest of industrial partners. This is also important for academic
research in order to compare findings from different groups. We need to stan-
dardize techniques and analysis methods across the different disciplines, ranging
from synthesis to electrical and optical characterization. If every research group
applied a standardized method for Raman measurements or power efficiency cal-
culations results from different groups could be more readily compared. A few
standardized growth techniques for different purposes might generate an interest
in using carbon nanotubes for application, rather than every research group us-
ing their own technique. This could pave the way for reliability and industrial
quality of carbon nanotubes.

The challenges to this development is the difficulty in chirality control in the
synthesis stage together with the nanotubes sensitivity to environmental effects
and available instruments of sufficient resolution.
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A relatively new branch of nanotube research which has emerged the last cou-
ple of years is double- and triple-walled carbon nanotubes (DWNT and TWNT).
These structures provide a platform to study tube-tube interactions and are also
interesting for application as they are more mechanically sturdy but behave simi-
lar to SWNTs. DWNT and TWNT can teach us a lot about intertube interaction
as well as the physics of twisted layers. At the same time they add yet more flavors
to the physics, in terms of combinations of metallic and semiconducting inner-
and outer-tubes. What would be useful here (and is still lacking) is a Kataura
plot for double- and triple-walled carbon nanotubes.

Another interesting future direction is how the deviation from the ideal carbon
nanotube structure affects the optical and electronic properties of carbon nan-
otubes. For example what is the optical signature of certain defects? Or, how
does the optical spectra change as a function of the environment surrounding the
nanotube?

Yet one aspect which could enrich our knowledge about the fundamental
properties and behaviours of carbon nanotubes is the combination of one or
more measurements techniques. One step in that direction is the work in this
thesis which combines optical and electrical measurements to study fundamental
properties of carbon nanotubes. A second example which has generated some
interest lately is opto-mechanics [23]. More exotic experiments might include
gated-Raman spectroscopy or measurements with strain applied to the carbon
nanotubes. One could also considering studying what influence features like Joule
heating or C'? percentage have on the physical properties of carbon nanotubes.

A new aspect of carbon nanotube research which has started to emerge is
injection of materials inside the carbon nanotubes. In this way nanotubes are
exploited as tiny controlled laboratory environments, where research can be con-
ducted. By this technique chirality specific nanotube have been synthesized [18],
as well as diamond [24] and Eu nanowires [25].

New structures could be realized by combining carbon nanotubes and graphene
and other nanoscale-materials into 'new’ nano-materials and nanostructures.

For application of carbon nanotubes perhaps the most promising field is
biomedicine. Rapid progress has been made in the group of H. Dai [26, 27]
establishing biomedicine as the field where nanotubes has developed the furthest
towards real life industrial use.
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Appendix A

Appendix to Chapter 7

This appendix addresses the influence of the chosen color scale on the photocur-
rent maps in chapter 7 of this thesis. We will here also examine the line profiles
from all the five semiconducting nanotubes investigated in chapter 7. Finally we
will present a more in depth study, containing new material, of the photocurrent
response in a homogeneously doped semiconducting nanotube.

As explained in chapter 7, we do not rule out that photothermal and photo-
voltaic effects may simultaneously occur in carbon nanotubes, or that experimen-
tal conditions may influence which effect dominates the photocurrent response.
A precise quantification of their relative contributions will require further work,
that is beyond the scope this thesis. One experimental approach that can be
applied to address this issue, is a study of the photocurrent in semiconducting
nanotubes as a function of diameter (see chapter 10).

A.1 The effect of color scale choice on the pho-
tocurrent map

By tuning the color scale of the photocurrent map it may become apparent that
a different mechanism dominates the photocurrent response. Figure A.1 shows
the data from figure 7.5¢ displayed in two different color scales. It may be argued
that figure A.1b shows evidence of a photothermal effect.

By considering the photocurrent pattern in figure A.1b we notice a weak
color change in the bottom left quadrant. From a careful observation it appears
as though this color change resembles a gradient rather than a six-fold symmetric
pattern. We can therefore conclude that the dominating pattern in figure A.1b
is two-fold symmetric (strong photocurrent from pn and np regions and negligi-
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Figure A.1: Photocurrent map of the semiconducting carbon nanotube in figure 7.5¢
displayed in two different color scales. (a) Same color scale as in figure 7.5c. (b) A
second color scale.

ble photocurrent from pp and nn regions). This is indicative of a photovoltaic
mechanism.

Finally, it is also important to be careful when studying a color plot as it is
easy to be mistaken by the strength of a signal. In order to get a clear idea of
the magnitude of the signal one needs to study the line profiles.

A.2 Line profiles from the photocurrent response
in a semiconducting carbon nanotube

In chapter 7 of this thesis a total of five semiconducting carbon nanotubes were
investigated. For the sake of transparency we have here included four different
line profiles from each one of the studied nanotubes, see figure A.2-A.6. The line
profiles have been extracted from both the top and bottom of the photocurrent
maps, showing the variation in photocurrent as a function of voltage on Gate 2,
as well as vertical line profiles from the left and right side of the photocurrent
maps, showing the variation in photocurrent as a function of voltage on Gate 1.

Close to the center of the photocurrent map the doping of the nanotube
(induced by the fixed gate) would be negligible and any contribution to the
electric field (or difference in Seebeck coefficients) from this gate would also be
negligible. Therefore we do not extract the line profiles close to the center of the
photocurrent maps.

We will now discuss each one of the semiconducting nanotubes in detail.
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Figure A.2: Line profiles from semiconducting carbon nanotube A. Same figure as
figure 7.5¢ of this thesis. (a) Photocurrent map. (b) Line profile along the yellow line.
(c) Line profile along the green line. The photocurrent here shows a dip of 2 pA around
zero gate voltage. (d) Line profile along the black line. (e) Line profile along the purple
line.

A.2.1 Nanotube A

The photocurrent maps in figure A.2a shows a clear two-fold pattern, indicative
of the photovoltaic effect. Figure A.2b-e show line profiles from the photocurrent
map. The line profiles in (b),(d)-(e) show clear evidence of the photovoltaic mech-
anism as the photocurrent here only displays one polarity reversal. For a more
detailed discussion about the signatures of the photovoltaic and photothermal
mechanism, please see chapter 7 or [1-3].

The line profile in A.2¢ shows a dip in the photocurrent of approximately 2
pA around zero gate voltage. This data could be interpreted as an indication of
the photothermal effect. However, when considering the magnitude of the signal
and that there is no clear polarity change of the photocurrent, this could also be
interpreted as an experimental fluctuation.

From the combination of the photocurrent pattern and line profiles we can
conclude that the strongest effect in this nanotube (the dominating effect) is
photovoltaic.
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Figure A.3: Line profiles from semiconducting carbon nanotube B. (a) Photocurrent
map. (b) Line profile along the yellow line. (c) Line profile along the green line. (d)
Line profile along the black line. (e) Line profile along the purple line.

A.2.2 Nanotube B

In figure A.3 the photocurrent map shows a clear two-fold symmetry, indicative
of the photovoltaic effect. All the line profiles in (b)-(e) shows a single polarity
reversal, which is evidence of the photovoltaic effect. The conclusion from both
the pattern in the photocurrent map and the four line profiles is therefore that
the photovoltaic effect dominates the photocurrent response in this nanotube.

A.2.3 Nanotube C

Similarly in figure A.4 a very clear two-fold pattern can be observed in the pho-
tocurrent map. This pattern in the photocurrent provides evidence that the
photocurrent generation mechanism is photovoltaic. From studying the line pro-
files presented in (b)-(c),(e) we can also see that the photocurrent only changes
sign once. This single sign change has been derived as a fingerprint for the pho-
tovoltaic mechanism (see chapter 7 or [1] for details).

The line profile in figure A.4d could be interpreted as having a non-monotonic
behavior. However, this effect is weak compared to the overlapping photovoltaic
effect in the same line profile. Therefore we can conclude after considering both
the pattern in the photocurrent as well as all four line profiles that the dominating
effect in this nanotube is photovoltaic.
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Figure A.4: Line profiles from semiconducting carbon nanotube C. (a) Photocurrent
map. (b) Line profile along the yellow line. (c) Line profile along the green line. (d)
Line profile along the black line. (e) Line profile along the purple line.
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Figure A.5: Line profiles from semiconducting carbon nanotube D. (a) Photocurrent
map. In the p-type doping regime a alternating polarity of the photocurrent is visible,
which could be a sign of a photothermal mechanism. (b) Line profile along the yellow
line. (c) Line profile along the green line. (d) Line profile along the black line. (e) Line
profile along the purple line. In (c) and (d) we see that the sign change, which looked
relatively strong in the color plot, has a relatively small magnitude compared to the
photocurrent from the p-n and n-p regions.
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Figure A.6: Line profiles from semiconducting carbon nanotube E. (a) Photocurrent
map. (b) Line profile along the yellow line. (c) Line profile along the green line. (d)
Line profile along the black line. (e) Line profile along the purple line.

A.2.4 Nanotube D

In figure A.5a this nanotube shows alternating polarity of the photocurrent (in
the p-type doping regime). This could be indicative of a possible photothermal
mechanism. In order to quantify this contribution it is necessary to study the
relative strengths of the signals. In figure A.5b-e the four line profiles from the
nanotube are shown. The possible photothermal effect, which looked significant
in the color plot of the photocurrent map, is shown as a dip (peak) around
zero gate voltage in A.5c (d). We can now see that this contribution is rather
small compared to the photocurrent from the p-n and n-p regions. We can
therefore draw the conclusion that although present and possibly an indication of
an overlapping photothermal effect, this dip/peak is not the dominating feature
in A.5c-d.

Another important aspect to consider is that for a small band gap semicon-
ducting carbon nanotube it is possible (and even expected) that a photothermal
contribution will begin to show up and overlap with the photovoltaic effect. In
order to investigate the relative contributions from the photovoltaic and the pho-
tothermal mechanisms one could for example study the photocurrent response
for a range of different nanotube diameters (see chapter 10 for details).
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A.2.5 Nanotube E

Figure A.6 shows the final nanotube investigated in this study. The photocur-
rent map shows clear evidence of a two-fold pattern, indicative of a photovoltaic
effect. The line profiles in (b)-(c),(e) show a clear single polarity change in the
photocurrent, which is evidence of a photovoltaic effect. The weak slope (between
0V and 8V) in the line profile in d could be interpreted as a weak photothermal
effect overlapping with the photovoltaic effect. However, after considering all
the line profiles as well as the pattern in the photocurrent map we can draw the
conclusion that the photovoltaic effect dominates the photocurrent response from
this nanotube.

A.3 Photocurrent from a homogeneously doped
semiconducting carbon nanotube

We will now investigate the photocurrent generation mechanism in a homoge-
neously doped semiconducting nanotube (such as the one shown in figure 7.6a-c).
A number of groups have been observing photocurrent features of changing po-
larity along the nanotube axis [3-5], but they were only recently addressed for the
first time by DeBorde et al. [6]. DeBorde and coworkers have developed a model
relating these features to a photothermoelectric effect in the carbon nanotube.
We have therefore further investigated these photocurrent features in our device
in light of this model.

A.3.1 Experiment

Figure A.7a shows a semiconducting carbon nanotube with a 2 pm wide trench,
excited off resonance with a 532 nm c.w. laser. The polarization of the excitation
light was first aligned parallel and then perpendicular to the nanotube axis, in
order to eliminate any contributions to the photocurrent arising from heating the
metal contacts [6]. The photocurrent map in figure A.7a shows the difference
between the recorded photocurrent for parallel and perpendicular polarization
(Ipc, - Ipc,1)-

The gate voltage for the semiconducting nanotube was tuned from -15 V to
415 V in order to tune the doping of the nanotube from homogeneously p-type
to homogeneously n-type. For every step in gate voltage the laser was scanned
along the axis of the carbon nanotube. For p-type doping 4 regions of alternating
polarity can be observed. While the two outermost regions of the photocurrent
arise from focusing the laser at the nanotube / electrode interface, the two central
regions show photocurrent generated as the laser is scanned along the axis of
the p-doped nanotube. A line profile along the dashed green line is shown in
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Figure A.7: Spatial and gate voltage dependent photocurrent response from a carbon
nanotube FET structure. (a) The two trench gates, G1 and G2, are swept together from
-15V to +15V. The excitation wavelength is off resonance, 532 nm, and the excitation
power on the sample is 100 uW. (b) A line profile along the dashed green line in (a).
The device is here doped in a p-type configuration and shows 4 regions of alternating
photocurrent polarity along the nanotube axis. (¢) A line profile along the yellow dashed
line in (a). The device is here doped in a n-type configuration and shows a photocurrent
response from the nanotube/electrode interface.

figure A.7b. Here we can clearly see how the magnitude of the photocurrent
contribution is comparable in magnitude between the four regions.

For n-type doping the photocurrent generated upon laser excitation at the
nanotube / electrode interface dominates the photocurrent response. A line pro-
file along the yellow dashed line is shown in figure A.7c. Here we can see how
the photocurrent from the nanotube / electrode interface dominates. A very
weak feature may be visible in the center of the n-doped nanotube in figure A.7c,
however this signal is very weak compared to p-type doping. These photocurrent
features in the center of the nanotube for n-type doping were only observed for
an incident laser excitation of 300 uW (approximately 100 uW on the sample).
For lower excitation powers these features could not be observed in the n-doped
carbon nanotube.
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A.3.2 Discussion

In the study by DeBorde et al. the photocurrent response from the homoge-
neously doped semiconducting nanotube displayed a photovoltaic mechanism
both for n-type doping and for light p-type doping. This photocurrent response
was generated when the laser was incident on the nanotube / electrode interface.
For gate voltages larger than -3 V the photocurrent changed to the photothermal
mechanism [6].

In our study we also observe a photovoltaic mechanism when the laser is
incident on the nanotube / electrode interface, for n-type doping. This effect is
then consistent as the doping configuration changes to p-type. We have applied
heavy p-type doping (up to -15 V) and have yet not observed a change in the
photocurrent from photovoltaic to photothermal (when the laser is incident on the
interface). The current observation agrees with the conclusion from chapter 7 that
the photocurrent generation mechanism at the nanotube / electrode interface, as
a function of gate voltage for a homogeneously doped nanotube, is photovoltaic.

In the center of the semiconducting carbon nanotube in figure A.7a the pho-
tocurrent contribution has a different sign. It is possible that this photocurrent
could arise from a photothermal mechanism. In the center of the homogeneously
p-doped semiconducting nanotube there is no electric field which can separate
the photoexcited carriers. Any contribution to the photocurrent from the photo-
voltaic effect would hence be quenched. This is an example where experimental
conditions can suppress one of the photocurrent generation mechanisms.

The photothermal effect on the other hand is not suppressed. The Seebeck
coefficient changes with doping and the induced doping in the nanotube by the
gates is screened closed to the nanotube ends by the metal contacts. As a re-
sult the ’homogeneous doping of the nanotube may in fact not be completely
homogeneous. This would provide a difference in the Seebeck coefficient between
the ends and the center of the nanotube. This difference in Seebeck coefficient
could give rise to a photothermal photocurrent showing up in the center of the
nanotube where the photovoltaic effect is suppressed.

A.4 Conclusion

In conclusion the patterns in the photocurrent maps closely resemble the two-fold
symmetric pattern which is the smoking-gun evidence of a photovoltaic effect [1].
The line profiles from the five investigated nanotubes predominantly shows a
monotonic behavior with a single sign change as a function of gate voltage. In
a homogeneously doped nanotube we find that the photovoltaic effect dominates
at the nanotube/electrode interface.

The dominating photocurrent generation mechanism may be influenced by ex-

135



Chapter A

ternal factors [7,8]. In this experiment the experimental conditions were chosen
(see section 7.3.1 for details) such that neither the photovoltaic nor the pho-
tothermal mechanism would be suppressed and we could compare their relative
contributions to the photocurrent.

For semiconducting nanotubes with a large band gap the photovoltaic effect
would be expected to dominate, as it would be difficult to generate hot carriers
with enough energy to overcome the band gap. As the band gap of the semi-
conducting nanotube becomes smaller and comparable to kT the photothermal
effect might start to play a role and it could be possible to see an overlap of the
two mechanisms. For yet smaller band gaps the photothermal mechanism would
become dominant. In such a study it would also be important to determine how
to classify small band gap semiconducting nanotubes versus metallic nanotubes.

An investigation of the relative strengths of the photovoltaic and photother-
mal effects in a semiconducting carbon nanotube is an important next step for
the photocurrent community. An initial study investigating whether the pho-
tothermal and photovoltaic effect can occur simultaneously in a semiconducting
nanotube is presented in chapter 8. These experiments did not provide positive
proof for a dominant photothermal mechanism. However, these data do not ex-
clude that, under different experimental conditions the photothermal mechanism
may become dominant.

This important debate indicates the necessity for continued research in this
field. Photocurrent in carbon nanotubes, as well as graphene and other 2D ma-
terial, still has some open questions. This highlights the importance of continued
careful investigation of if and how these two photocurrent generation mechanisms
can be tuned and suppressed or enhanced.
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Summary

Photocurrent in Carbon Nanotubes

Light-matter interaction at the nanoscale can exhibit many interesting physical
phenomenas. It is also of great importance for designing devices which operate
efficiently with low loss. Carbon nanotubes are excellent systems to carry out
such work as they have very interesting optical properties which can be readily
observed at room temperature.

In this thesis we explore light-matter interaction in a carbon nanotube p-n
junction. Our main probing technique is photocurrent, which is based on the
absorption of photons and extraction of electrical current. We use photocurrent
as a sensitive probe to investigate the physical behavior of the carbon nanotubes
under the influence of gate voltage, light polarization and spatial laser position.

In the first part of the thesis we use photocurrent as a tool for imaging of the
potential landscape and spectral probing of the optical resonances in carbon nan-
otubes. These resonances are characteristic for carbon nanotubes and strongly
influence the optical properties of the carbon nanotube. We find that we can
employ these to investigate physical properties such as the absorption efficiency
and the dielectric constant of the carbon nanotube. We also show that these res-
onances can be of interest for developing optoelectronic devices based on carbon
nanotubes, such as solar cells.

In the second part of the thesis we focus on the effect of heating during op-
tical excitation and explore how this alters the photocurrent response in carbon
nanotubes (and other nanoscale systems, such as MoSs). When a photon is ab-
sorbed it can either create an exciton (or a free electron-hole pair) or it can create
a hot electron with a temperature much larger than the lattice temperature. De-
pending on which mechanism is dominant, different photocurrent response can
be observed at the carbon nanotube p-n junction.

We present evidence that the photovoltaic mechanism dominates in semi-
conducting carbon nanotubes while the photothermal mechanism dominates in
metallic nanotubes. The two different photocurrent generation mechanisms in
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metallic and semiconducting nanotubes are an important milestone in under-
standing the physical processes governing the optoelectronic response in carbon
nanotubes.

The semiconducting carbon nanotube was additionally investigated under var-
ious experimental conditions, such as gate voltage and thermal coupling to the
environment and the dominating photocurrent generation mechanism was found
to be consistent with the photovoltaic effect.

Finally, photocurrent measurements were performed on a different material
system, namely MoSs, and the photocurrent in this 2D semiconductor was found
to be a result of the photothermal mechanism.

A thorough understanding of the physical processes which govern the pho-
toresponse in nanoscale systems may open the door to exploiting these processes
for very efficient energy harvesting devices at the nanoscale.

Maria Barkelid
Delft, 2014
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Samenvatting

Fotostroom in Koolstof Nanobuisjes

Licht-materie interactie op nanoschaal vertoont veel interessante fysische fenome-
nen. Het is van groot belang voor het ontwerpen van componenten die efficiént
werken met lage verliezen. Koolstof nanobuisjes zijn uitstekende systemen om
dergelijk onderzoek uit te voeren omdat ze vele interessante optische eigenschap-
pen bezitten die gemakkelijk kunnen worden waargenomen bij kamertemper-
atuur.

In dit proefschrift onderzoeken we licht-materie interactie in een koolstof
nanobuis pn-overgang. Onze meetings techniek is fotostroom die is gebaseerd op
de absorptie van fotonen en winning van elektrische stroom. Wij gebruiken foto-
stroom als een gevoelige techniek om het fysieke gedrag van de koolstof nanobuis-
jes onder invloed van gate spanning, lichtpolarisatie en ruimtelijke laserpositie
onderzoeken.

In het eerste deel van het proefschrift gebruiken we fotostroom als een instru-
ment voor de beeldvorming van de potentiéle landschap en spectrale sonderen
van de optische resonanties in koolstof nanobuizen. Deze resonanties zijn karak-
teristiek voor koolstof nanobuisjes en zijn bepalend voor de optische eigenschap-
pen van de nanobuis. We hebben ontdekt dat we deze resonanties kunnen ge-
bruiken om fysische eigenschappen zoals absorptie-rendement en de diélektrische
constante te onderzoeken. We tonen ook aan dat deze resonanties van belang
zijn voor het ontwikkelen van opto-elektronische apparaten op basis van koolstof
nanobuisjes, zoals zonnecellen.

In het tweede deel van het proefschrift richten we ons op het effect van ver-
warming tijdens optische excitatie en onderzoeken we hoe dit de fotostroom re-
spons in koolstof nanobuizen (en andere nanoschaal systemen, zoals MoSs) ve-
randert. Wanneer een foton geabsorbeerd wordt kan het een exciton (of een vrij
elektron-gat paar) of het kan een heet elektron met een temperatuur die groter is
dan de temperatuur van het atoomrooster creéren. Afhankelijk van welk mech-
anisme dominant is, kan een bepaalde fotostroom reactie worden waargenomen
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op de koolstof nanobuis pn-overgang.

We presenteren het bewijs dat het fotovoltaische mechanisme domineert in
halfgeleidende koolstof nanobuisjes terwijl de fotothermale mechanisme domi-
neert in metallische nanobuisjes. De twee verschillende fotostroom generatie
mechanismen in metallische en halfgeleidende nanobuisjes zijn een belangrijke
mijlpaal in het begrijpen van de fysische processen rond de opto-elektronische
respons in koolstof nanobuizen.

De halfgeleidende koolstof nanobuis werd bovendien onderzocht onder ver-
schillende experimentele condities, zoals gate spanning en thermische koppeling
met de omgeving. Het overheersende mechanisme van fotostroom generatie bleek
consistent het fotovoltaisch effect te zijn.

Tenslotte werden fotostroom metingen op een ander materiaalsysteem, namelijk
MoS, uitgevoerd. De fotostroom in deze 2D halfgeleider bleek een gevolg van het
fotothermische mechanisme te zijn.

Een goed begrip van de fysische processen die de foto-reactie bepalen in
nanoschaal systemen kunnen nieuwe mogelijkheden ontsluiten voor zeer efficiénte
energie oogstende apparaten op nanoschaal.

Maria Barkelid
Delft, 2014
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