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Introduction

In 2010 the world’s total energy production was 5.3·1020 J [1], which corresponds

to an average power production rate of 16.8 TW. Out of this more than 80 %

was produced from fossil fuels such as oil, coal and gas [1]. Although reserves of

fossil fuels are still available, the emission of CO2 and other by-products from

the burning of such fuels are widely known to have severe negative consequences

for the stability of the environment and the general health of people, particularly

in polluted areas [2].

An alternative to fossil fuels are the renewable energy technologies, and

among them, solar energy is a promising candidate. Sunlight is a compelling

source of clean, abundant energy; it is widely available, free from geopolitical

tension, and does not affect the climate through emission of greenhouse gasses.

Although solar energy is still a small contributor to the global energy production,

it is rapidly growing in capacity by more than 40 % per year [3]. Indeed, solar

energy production has great potential as the amount of energy from the sun

that reaches the earth in one hour can supply the earth with enough energy for

a years consumption if harvested with 100 % efficiency [3]. Figure 1 shows the

power density of the solar spectrum; most of the power is found in the visible

and near infrared (IR) spectral regions. An efficient solar cell should therefore

be tailored to efficiently convert light at wavelengths in these regions into a

usable form of energy.

The most important branch of solar energy technology is photovoltaics (PV)

where light from the sun is converted directly into electric energy. In 2012 the

worlds cumulative installed PV capacity surpassed 100 GW [5]. In order to

boost this number, a significant reduction in the cost of PV generated energy

is necessary [6]. The two ways of achieving this goal is to reduce the cost of

PV technologies [7] or to increase the energy conversion efficiencies, possibly

through innovative new concepts [8].

9
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Figure 1. Solar irradiance at earths surface versus wavelength [4].

Outline of this thesis

In this thesis we employ the experimental technique THz Time Domain spec-

troscopy (THz-TDS) to study the optoelectronic properties of potential photo-

voltaic materials. This all-optical method is useful for probing photoconductiv-

ities in a range of materials on ultrafast timescales without the application of

physical contacts.

The thesis contains the following chapters:

• Chapter 1: Here we briefly review the history of photovoltaics, describing

the most common photovoltaic concepts. Special emphasis is put on the PV

technologies being touched upon in the following chapters.

• Chapter 2: The experimental technique THz-TDS is presented. Techniques

for extracting and interpreting the complex photoconductivities from the

measured data are also presented.

• Chapter 3: Here we study the process of carrier multiplication (CM) -

the excitation of multiple charge carriers by a single photon - in indium

nitride (InN). InN possesses a number of properties favorable for efficient

CM. However, we find that CM in InN is rather inefficient, contributing

only to a modest efficiency increase in a potential InN based solar cell.

• Chapter 4: A study of the dynamics of photoexcited carriers in 2-

dimensional graphene is presented with emphasis on the process of multiple

hot carrier generation, which is related to carrier multiplication. A very ef-

ficient energy transfer from an optically excited charge carrier into multiple

hot carriers (heated above the Fermi level) is shown.
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Introduction 11

• Chapter 5: We perform a study of the photoconductivity of two types

of 1-dimensional graphene based semiconductors, flat graphene nanoribbons

and carbon nanotubes. Free charge carriers are observed immediately after

excitation. The mobility of these carriers is found to vary significantly for

the different types of 1-D conductors. The applicability of these graphene

based conductors in organic solar cell architectures is briefly discussed.

• Chapter 6: Here we explore the carrier transport properties of colloidal

TiO2 films commonly used in dye- and quantum dot sensitized solar cells.

We find that the photoresponse is dominated by long percolation pathways

of connected particles, responsible for the materials long range conductivity.
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1 Photovoltaics

The history of photovoltaics goes back more than 150 years to 1839 when

Alexandre-Edmond Becquerel discovered the photovoltaic effect. Becquerel

found that shining light on an electrolytic cell containing silver chloride in acidic

solution connected to two platinum electrodes would produce a voltage and a

current. The effect is also known as the Becquerel effect. In 1876 Adams and

Day observed the photovoltaic effect in solid selenium [9], which lead to the

development of the first working solar cell by Charles Fritts in 1883 [10]. The

cell was based on selenium coated by a thin gold layer and had a sunlight to

electric energy conversion efficiency of about 1 %.

1.1 The p− n junction

The development of modern day type solar cells began when Russell Ohl at Bell

Labs discovered the p − n junction in 1939 while working with silicon. Based

on his discovery, Ohl made and patented the first p − n junction based solar

cell which had an efficiency of about 1 %. Thirteen years later, in 1954, Daryl

Chapin, Calvin Fuller and Gerald Pearson significantly improved the silicon cell

by doping domains of the material with Boron and Arsenic. This way they

were able to achieve low migration of the dopant atoms and good contacting to

external circuits. On April 25, 1954, Bell labs could announce the invention of

the first modern solar cell and demonstrate an efficiency of 4.5 %, this number

was raised to 6 % only a few months later [11].

The operating principle of a p− n junction solar cell is shown schematically

in Figure 1.1. The cell typically consists of a single crystal of semiconducting

material so that no grain boundaries are present, which would severely reduce

its efficiency by scattering electrons and holes. One side of the crystal, called the

n side, is doped with an element which at room temperature donates electrons

to the conduction band, while the other side, called the p side, is doped with an

element which removes electrons from the valence band, leaving behind vacant

states or ’holes’ which behave as positive charge carriers. The extra electrons in

an n doped material cause the Fermi energy EF to shift up to higher energies

13
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14 Photovoltaics 1.1
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Figure 1.1. (a) p−n junction under dark conditions: Opposite charge accumulation

in the space charge region close to the interphase gives rise to an intrinsic electrostatic

field which causes the conduction band edge Ec and valence band edge Ev to bend.

(b) p − n junction exposed to light: Electron-hole pairs are optically generated, and

the intrinsic field in the space charge region drives the electrons towards the n region

and the holes towards the p region. This causes a reduction in the bending of the

conduction- and valence bands. In the non-equilibrium condition under light exposure,

the Fermi level is higher in the n region EF,n than in the p region EF,p.

as compared to the undoped material, and the missing electrons in a p doped

material cause EF to shift down. This causes electrons to migrate from the

n to the p side, and equivalently holes to migrate from the p to the n side

to equalize EF. Thus a layer of net negative charge on the p side and net

positive charge on the n side is formed. Together these two regions are called

the space charge region. The depletion of positive charge carriers from the

p region and negative carriers from the n region causes the lower edge of the

conduction band Ec and the upper edge of the valence band Ev to shift to higher

energies on the p side and lower energies on the n side, this situation is shown

in Figure 1.1 (a). When optical photons are absorbed in the semiconducting

material, they generate free electrons in the conduction band and free hole states

in the valence band, Figure 1.1 (b). The intrinsic field then drives the electrons

into the positively charged n side and the holes into the negative p side. Thus

charge separation is achieved, and a voltage difference can build up between

the p and the n regions. The output voltage of the solar cell, given by the

difference between the quasi fermi levels in the p and n regions, EF,p and EF,n

respectively, depends on the resistance or ‘load’ connected to the solar cell in

an external circuit, and the energy conversion efficiency of a solar cell depends

on the voltage at which it operates. A high output voltage would be expected
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1.1 Photovoltaics 15

to yield a high conversion efficiency as the output power P is the product of

the output voltage V and the current I, but a large difference between EF,p

and EF,n also means a smaller driving force for electron-hole separation. Since

the separation and extraction of photogenerated carriers is in competition with

carrier recombination mechanisms as described below, there will be an optimal

output voltage for which the product I · V is the highest, see section 3.A.

(a)

Ec

Ev

Eg

e
-

h
+

(b)

Ec

Ev

e
-

h
+

e
-

h
+

e
-

h
+

e
-

e
-

1 2

3 4

Figure 1.2. Various energy loss mechanisms in a semiconductor based photovoltaic

device. (a) Transmission of below bandgap photons as opposed to the absorption of

above bandgap photons. (b) Carrier energy loss mechanisms; radiative recombination

(1), Auger recombination (2), hot carrier relaxation (3), and carrier trapping (4).

As illustrated in Figure 1.2, there are many sources of energy loss in the

conversion of optical to electronic energy. Firstly, any photon with energy lower

than the bandgap energy is not absorbed in the cell, and its energy is not con-

verted, this is illustrated by the red arrows in Figure 1.2 (a). Photons of energy

greater than the bandgap can be absorbed, and the excess photon energy is

distributed on the photoexcited electron and hole. The excess energy is typi-

cally lost as the ’hot’ carriers relax to the band edges via emission of phonons,

mechanism 3 in Figure 1.2 (b). But as we show in chapters 3 and 4, this excess

carrier energy can also be transferred to additional electron-hole pairs, caus-

ing increased energy conversion efficiencies at high photon energies. Another

energy loss mechanism is radiative recombination (mechanism 1 in Figure 1.2

(b)) where an electron in the conduction band recombines with a hole in the

valence band while emitting a photon. Band to band recombination can also

occur through Auger recombination (mechanism 2) where an electron or hole

transfers energy to a second electron, or hole respectively, which gets excited

within the band, and recombination occurs without photon emission. Lastly,

electrons in the conduction band or holes in the valence band can be trapped
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16 Photovoltaics 1.2

in defect states with energies within the bandgap. These defects can arise from

physical irregularities such as vacancies and boundaries, or from chemical im-

purities. Assuming that each photon of above bandgap energy gives rise to one

photoexcited electron-hole pair, and considering only radiative recombination

and carrier cooling as loss mechanisms, it can be shown that the maximal ob-

tainable conversion efficiency of a single p − n junction PV cell is 33.7 %, see

[12] and section 3.A. This is known as the Shockley-Queisser (SQ) limit.

With some modifications to the original design, silicon p− n junction solar

cells constitute more than 90 % of present day photovoltaics sales [13]. A record

energy efficiency of 25 % has been reported for a single crystal silicon solar cell

[14, 15], and the efficiency of present day commercial silicon cells are typically in

the range of 15–20 %. However, the production of the high quality, defect free

silicon needed for high efficiency solar cells requires high temperatures, which

means high production costs [16].

1.2 Organic photovoltaics

A promising alternative approach to solar cell manufacture which may signifi-

cantly reduce the production cost is organic photovoltaics (OPV). This technol-

ogy utilizes carbon based semiconducting materials, typically polymers whose

backbones are comprised of alternating C-C and C=C bonds. Electrons delo-

calized along the conjugated backbone give rise to the semiconducting behavior

of these polymers. Polymer solar cells can be processed from solution in organic

solvents, and thin film architectures can be employed because of the high optical

absorption coefficients, resulting in low material consumption. Together with

low material costs these properties make OPV a prime candidate for inexpensive

photovoltaics.

In contrast to inorganic crystalline semiconducting materials, organic semi-

conductors have low dielectric constants, ϵ ≈ 2–4, [17] versus 11.97 for silicon

[18]. The low dielectric constant means less electrostatic screening between elec-

trons and holes, and in turn a larger attractive force. Electrons and holes in

these systems therefore tend to bind together in charge neutral quasi particles

known as excitons. In inorganic materials of high ϵ such as silicon, excitons are

not stable at room temperature, but the high exciton binding energies in organic

systems, on the order of 0.3–1 eV [17, 19], is much higher than the thermal en-

ergy, meaning that the primary photoproducts in OPV materials are excitons,

see section 2.4.3. A way to split the excitons was presented in 1979 when Tang

introduced the donor-acceptor bilayer, initially achieving a conversion efficiency
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1.2 Photovoltaics 17

exciton binding

energy

HOMO

LUMO
e-

h
+

optical

excitation

p type donor n type acceptor

Figure 1.3. Schematic of an organic heterojunction solar cell. Excitons optically

excited from the highest occupied molecular orbital (HOMO) to the lowest unoccupied

molecular orbital (LUMO) in the p and n type semiconducting phases do not have

enough energy to dissociate in the bulk, but if the band offset at the interphase is

larger than the exciton binding energy, it provides a pathway for exciton dissociation.

of 1 % [20, 21]. This architecture consists of a heterojunction between two

phases of organic semiconductors named donor(-p) and acceptor(-n), analogous

to the two doped regions of the inorganic p−n junction. Excitons are separated

by the energy offset at the donor-acceptor interphase, see Figure 1.3. The sep-

arated electrons and holes can subsequently be collected in external electrodes.

Organic photovoltaics falls into a category that has been named excitonic solar

cells [22]. These types of cells are characterized by having the electron-hole

pairs photogenerated in a material bound in excitons, and subsequently having

the free charge carriers simultaneously generated and separated across a het-

erointerphase. This is in contrast to the inorganic p−n junction cells where free

carriers are generated throughout the bulk of the semiconductor. In excitonic

solar cells the driving force that spatially separates the electrons and holes is

the chemical potential gradient created by the population of holes generated at

p side of the interphase, driving them towards the positive electrode, and the

population of electrons generated at the n side, driving them towards the neg-

ative electrode. Conversely, in a p− n junction the driving force that separates

the free charge carriers is the intrinsic electric field.

A major breakthrough in OPV was the application of C60 fullerenes and their

derivatives, such as [6,6]-phenyl-C61-butyric acid methyl ester, PCBM [23], as

the n type electron acceptor. Electron transfer from a conjugated polymer to a

fullerene derivative was independently shown by Heeger et al. [24] and Yoshino

et al. [25] in the early 1990s. The strong electronegativity and high electron
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18 Photovoltaics 1.3

mobility of the C60 derivatives have made them the standard n-type material

for OPV applications. The first planar hetero junction solar cell based on C60

was shown in 1993 [26].

As the photogenerated excitons have to diffuse to the donor-acceptor in-

terphase to be separated, recombination of excitons before they reach the in-

terphase represent an important loss mechanism in OPV. Owing to their low

excitation lifetimes and slow diffusion, the exciton diffusion length in most OPV

materials is typically below 20 nm, meaning that only the excitons generated

within 20 nm of the interphase will contribute to the cell current [27]. This lim-

itation can be overcome by mixing the donor and acceptor to achieve a ‘bulk’

interphase of higher surface area than the planar interphase, see Figure 1.4.

Here the distance the exciton has to travel to reach the interphase can be sig-

nificantly reduced. The concept was first demonstrated by Hiramoto et al. by

co-evaporation of relatively small donor and acceptor molecules [28]. The first

efficient cells based on bulk heterojunctions were independently reported in 1995

by the groups of Heeger [29] employing a polymer - C60 blend, and Friend [30]

employing a polymer - polymer blend. Efficiencies were on the order of 3 %.

(a)

e
h

-

+

(b)

e
h

-

+

Figure 1.4. Two types of interphase between the p (white) and the n (grey) phases.

(a) planar interphase. (b) bulk interphase. The bulk interphase significantly reduces

the distance the exciton has to travel before being split into a free electron and -hole.

Currently, energy conversion efficiencies exceeding 10 % have been achieved

with OPV technology [14], making it a promising approach for inexpensive solar

cell applications in the future.
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1.3 Photovoltaics 19

1.3 Dye sensitized solar cells

Another type of excitonic cell that has gained popularity recently is the dye

sensitized solar cells (DSSCs) [31]. The unique feature of these cells is that

light absorption, electron transport, and hole transport are each handled by a

separate material. Light absorption takes place in a sensitizing dye anchored to

a wide-bandgap semiconductor such as TiO2, SnO2 or ZnO which acts as the

electron acceptor [32]. The hole acceptor is typically an ionic redox couple in

solution [33]. In this type of excitonic solar cell the exciton is generated and

split at the same position, and no exciton diffusion is necessary. The operating

principle of a DSSC is shown schematically in Figure 1.5.

(a)
substrate

electrode

dye sensitized

colloid TiO  film2

e
-

electrolyte

h
+

optical

excitation

(b)
TiO

on electrode
2

dye

h
+

e
-

optical

excitation

electrolyte counter-

electrode

HOMO

LUMO

CB

VB

redox

potential

Figure 1.5. Operating picture of dye sensitized solar cell. (a) Spatial picture: An

exciton is created and split at the interphase between the oxide and the electrolyte.

The resulting free electron travels through the oxide phase to reach the negative elec-

trode while the hole is shuttled to the positive electrode by the electrolyte. (b) Energy

picture: The dye has a HOMO-LUMO gap corresponding to wavelengths in the solar

spectrum, and the energy level of the LUMO favours injection into the conduction

band of the oxide. The electrolyte redox couple has a redox potential above the

HOMO of the dye, enabling hole transfer to the redox couple in the electrolyte, which

is subsequently reduced at the counter electrode as the hole is extracted.

It was O’Regan and Grätzel who first presented an efficient DSSC in 1991

[34]. They employed TiO2 nanoparticles sintered together to form a meso-

porous film with a surface area many times larger than bulk. This dramatically

increased the number of dye molecules that would anchor to the oxide surface,
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and in turn the light absorption. The initial efficiencies reported by O’Regan

and Grätzel were as high as 7.9 % [34]. After the initial discovery, the concept

was optimized by employing organometallic ruthenium based complexes [35],

and the iodide/triiodide (I−/I−3 ) redox couple [36, 37]. The current efficiency

record for DSSCs is 11.9 % [14].

1.4 Future concepts

In section 1.1 we saw that an important energy loss channel in a photovoltaic

cell is the thermalization of carriers excited far above the semiconductor band

edges. Therefore various new theoretical PV concepts have been proposed to

collect the excess energy of the photoexcited charge carriers and potentially

increase the energy efficiency of a PV cell beyond the SQ limit of 33.7 % (see

[12] and section 3.A). One of these prospective concepts is called hot carrier

solar cells [38]. Here the thermalization losses are expected to be avoided

by extracting the high energy ‘hot’ photoexcited carriers by suitable contacts

before they thermalize. These hot carrier devices are theoretically able to pro-

duce very high photovoltages and light-to-current conversion efficiencies beyond

60 % [6]. Another concept for utilizing the excess energy of the photoexcited

carriers is based on a process called carrier multiplication (CM) [39, 40]. In this

process, the excess energy of a high energy photoexcited electron and/or hole is

transferred to additional electron-hole pair(s) excited across the bandgap. The

increased number of photogenerated electron-hole pairs give rise to a higher

photocurrent, and theoretical conversion efficiencies as high as 44.4 % have

been predicted, [41] and section 3.A.

Many of the photovoltaic concepts presented in the sections above will be

touched upon in the following chapters of this thesis: Using time resolved THz

spectroscopy described in the next chapter, we quantify the efficiency of carrier

multiplication type processes in two very different systems, explore the photo-

products in new organic semiconducting materials and study the charge carrier

transport in colloidal TiO2 films commonly used in DSSCs.
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2 THz-Time Domain

Spectroscopy

The THz frequency window can be considered as ranging from 100 GHz to

10 THz. THz frequencies lie between the infrared and microwave frequency

regions in the electromagnetic spectrum shown in Figure 2.1. Spectroscopy in

this frequency range is interesting not only because many molecular rotational

and vibrational events happen at these frequencies, but also because the motion

of electrons and holes in conductive materials give rise to dispersion of the

optical properties in this frequency range. As the carrier momentum typically

randomizes on ∼ps (10−12 s) timescales via carrier-phonon interactions [42]

and 1 THz = 1012 s−1, the THz frequency range is ideal for studying these

phenomena.

Historically, spectroscopy at THz frequencies has been limited by the lack

of suitable emitters and detectors in the THz frequency region, which has come

to be known as the “terahertz gap” [43]. The energy of a photon of frequency

1 THz is 4.2 meV, corresponding to a wavelength of 300 µm. This is below the

electronic transitions typically used as emitters and detectors of optical light.

On the other side, THz frequencies are above the megahertz and gigahertz

frequencies achievable with electronic devices. The THz gap is thus said to

be positioned between the realms of ‘electronics’ and ‘photonics’. Generation

and detection of freely propagating THz pulses became possible in the late

1980s with the application of photoconductive antennas [44, 45] and later by

the process of optical rectification [46] (explained below).

THz-time domain spectroscopy (THz-TDS) employs a freely propagating,

long wavelength, electromagnetic pulse to probe charge carriers. The probe

pulse can be seen as a wavepacket, typically consisting of frequencies in the

0.3–3 THz range and centered at 1 THz, see figure 2.2. The probe is sensitive

to mobile charge carriers and can be used to investigate the photoconductive

properties of a sample on sub-picosecond timescales [42]. THz spectroscopy thus

provides access to electronic and optoelectronic properties on fast timescales

without applying physical contacts to the sample. This is particularly useful for

studies of nanostructured systems such as quantum dots where applying such

21
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Visible
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Figure 2.1. Electromagnetic spectrum from radio waves to X-rays. The THz region

is shown in shaded grey. Typical energy regions for molecular rotations and vibrations,

intraband electronic motion, and interband transitions are also shown. Adapted from

[43].

contacts would be impossible [47, 48, 49]. An advantage of THz-TDS is that

the detection scheme allows for the recording of the field strength (not just the

time integrated intensity) of the full transmitted THz waveform versus time

[50, 51]. The experiment therefore gives access to both amplitude information

from the absorption (or gain) of the THz probe in a given sample, and phase

information obtained from the time-shift of the probe [52]. It is convenient to

Fourier transform these waveforms to the frequency domain so that the electro-

optic properties of the sample can be analyzed and reported as a function of

probe frequency. Since the recorded time traces contain both amplitude and

phase information, the data extracted from their Fourier transforms are com-

plex valued. There are generally three ways of expressing this information, the

refractive index n̂(ω), the permittivity ϵ̂(ω) and the conductivity σ̂(ω). ω de-

notes the angular frequency of the oscillating probe field, ω = 2πν where ν

is the ordinary frequency. The complex refractive index n̂(ω) = n(ω) + iκ(ω)

consists of the real classical refractive index n(ω) related to the phase change

in a given medium, and the imaginary component κ(ω) related to the ampli-

tude absorption. The permittivity, the conductivity and the refractive index
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Figure 2.2. (a) THz probe pulse used for conductivity measurements. (b) Frequency

components of the THz probe pulse obtained by Fourier transformation.

are related as

ϵ̂ = n̂2 σ̂ = −iϵ̂ϵ0ω = −in̂2ϵ0ω (2.1)

where ϵ0 is the vacuum permittivity. It should be noted that the three complex

quantities n̂(ω), ϵ̂(ω) and σ̂(ω) hold exactly the same information and can be

used interchangeably. In the following we leave out the ˆ to denote complex

quantities except in cases where ambiguities may arise. Throughout this thesis

we express the data obtained with the THz probe mostly as the complex con-

ductivity σ. The real part of σ is obtained from the amplitude change of the

THz probe caused by the mobile charge carriers in the sample. These carriers

are free to move in response to the THz field, and energy can therefore be trans-

ferred from the field to the carriers, causing the field to be attenuated. One can

say that the real part of σ corresponds to the classical concept of conductivity

where charge carriers can be driven by the field over a long range, causing a

current. The imaginary part of σ is obtained from the time shift of the probe

and yields information about the polarizability of the carrier population.

In section 2.1 below we describe how a THz-TDS experiment can be per-

formed in praxis, and section in 2.2 we explain how the optical/electronic pa-

rameters of the measured system can be extracted from the obtained data.

2.1 Experimental setup

The experimental setup used for THz measurements is shown schematically in

Figure 2.3. The system is based on an amplified Ti:sapphire mJ-class laser

delivering pulses of center wavelength 800 nm and a pulse duration of 100 fs or
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less at a repetition rate of 1 kHz. The laser output is split into three beams,

the pump-, the generation- and the sampling beam.

wavelength

conversion

ZnTe ZnTe

samplepump

generation

sampling

Wollaston

prism
di erential

detector

lock-in

acquisition

pulsed

laser

Figure 2.3. Optical pump - THz probe setup.

The pulses in the pump beam photoexcite the sample, and their wavelength

(or equivalently photon energy) can be modified by one or more beta barium

borate (BBO) crystals to generate higher harmonics of the fundamental 800 nm

laser output, or by an optical parametric amplifier (OPA) which allows the

wavelength to be tuned to virtually any value in the visible to near IR range.

In cases where very homogeneous spatial pump profiles are required, such as

the precise fluence determination used in the carrier multiplication (CM) ex-

periments presented in chapters 3 and 4, an optical diffuser can be placed in the

pump beam before the sample. The length of the pump path can be adjusted

by a mechanical delay line in order to vary the time τpump when the pump pulse

arrives at the sample, relative to the other beams.

The generation beam impinges on a ZnTe crystal where it generates the THz

probe waveform by a second order nonlinear optical process called optical recti-

fication [53]. Here a quasi-dc polarization is induced in the non-centrosymmetric

generation crystal by the intense generation beam. The slow changes in this po-

larization is what generates the slowly oscillating, single cycle THz probe pulse.

A parabolic mirror is used to collect and collimate the THz beam emitted from

the crystal, and send it on to a second parabolic mirror which focuses it on to

the sample. In order to ensure homogeneous pumping, the diameter of the pump

spot (>3 mm) is significantly larger than the diameter of the THz beam at the

focus (on the order of the wavelength, . 300 µm). The THz beam transmitted

through the sample is collected and collimated by a third parabolic mirror which

sends it to a fourth parabolic mirror, focusing it on a second ZnTe (detection)

crystal. The entire THz beam path from the generation crystal to the detection
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crystal is kept in a dry N2 environment in order to avoid absorption caused by

the rotational modes of water vapor [54].

In the detection crystal the field strength of the THz waveform is measured

via the electro optic (EO) effect [55]: A third 800 nm beam, the sampling beam,

passes through the detection crystal spatially overlapped with the focused THz

probe beam. The electric field of the THz waveform causes a birefringence in

materials without inversion symmetry such as ZnTe [42], the so called Pockels

effect, which causes a rotation in the polarization of the sampling beam. For

significantly small THz fields, causing a small birefringence in the detection

crystal, the polarization change of the sampling beam is proportional to the

THz field strength [42]. The EO effect is essentially the inverse of the optical

rectification effect used for generating the THz pulse, which is why the same

material is employed for both purposes [42]. After the detection crystal, the

polarization change in the sampling beam is measured by splitting the beam in

vertical and horizontal components in a Wollaston prism or polarizing beam-

splitter, and detecting the intensity variations of both polarizations with a set

of differential photodiodes. In a THz measurement, a differential signal can

be read from the diodes which is proportional to the transmitted THz probe

field [51]. This signal is acquired using lock-in detection, effectively frequency

filtering the differential diode signal at the repetition frequency of the laser. As

the photon energies in the THz spectral region are below the thermal energy

at room temperature (1 THz ∼ 48 K) the coherent gated detection scheme

with lock-in acquisition provides a major advantage as thermal noise can be

strongly suppressed [42, 50]. Another advantage of the EO detection is that

the time resolution is in principle limited by the duration of the sampling pulse

which is typically on the order 50–100 fs. By consecutively scanning the arrival

time τ samp of this pulse in the detection crystal with a second delay stage, the

transmitted THz waveform can be mapped out in time [51, 50], see figure 2.2.

In a typical measurement the transmitted THz field is measured by placing

a mechanical chopper in the generation beam and acquiring the signal from

the differential diodes at the chopper frequency. Similarly, the pump-induced

change in THz transmission can be measured by placing the chopper in the

pump beam. A complication arises when the photoinduced THz response of

the sample changes on timescales comparable to the THz probe pulse duration

[56, 57]. In this case, resolving the photomodulated THz waveform by scanning

τ samp would yield measurement artifacts because the sample properties change

between early and later sampling times. A solution to this problem is to scan

the pump- and sampling delay lines synchronously so that τpump−τ samp is held
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constant. This is equivalent to having a delay line in the generation beam to

vary only the delay of the probe field.

2.2 Extracting the conductivity

In the following we describe how the frequency resolved complex material pa-

rameters n(ω), ϵ(ω) and σ(ω) can be extracted from a THz-TDS measurement.

We start by considering a THz waveform with frequency dependent electric

field T (ω) which we propagate through a region j of length lj and (complex)

refractive index nj . We approximate the THz pulse by a plane wave and let

Tj−1 denote the initial waveform in region j − 1 which propagates through the

interphase between regions j− 1 and j, through region j, and then through the

interphase between regions j and j+1. We obtain the waveform in region j+1

[58, 59]:

Tj+1(ω) = Tj−1 · tj−1,j · exp (injωlj/c) · tj,j+1 ·MRj (2.2)

where MRj is a factor that accounts for multiple reflections in the region j

given by

MRj = [1 + rj−1,j · rj,j+1 · exp (2injωlj/c)]
−1

(2.3)

and the Fresnel transmission and reflection coefficients for normal incidence are

given by

tj,j+1 =
2nj

nj + nj+1
, rj,j+1 =

nj+1 − nj

nj+1 + nj
. (2.4)

The expression (2.2) is valid when the leading edge of the THz pulse probes

the same dielectric function as the trailing edge, that is, a steady state approx-

imation is valid.

In optical pump-THz probe experiments the analysis can be complicated by

the spatial variation in excitation density along the propagation direction of the

THz pulse. For linear (one-photon) excitation, the excitation density decays as

N(z) = N0e
(−z/l) with a characteristic optical penetration depth l [56]. If the

penetration depth is significantly shorter than either the sample thickness or

the wavelength of the THz probe, the excited region can be approximated by a

homogeneous region of width l [60].

Figure 2.4 shows the general layout of a sample as a stack of layers of varying

optical properties. Using (2.2) we model the propagation of the THz probe

from an air phase of refractive index n1 through a second phase of refractive

index n2 and thickness l2, which can be either a cuvette window or another

air phase depending on the sample, then the photoactive region of thickness l

and (complex) refractive index n3 when unexcited, and n∗
3 when photoexcited,
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Figure 2.4. General layout of a sample: Typically, medium 1 is air, medium 2 is a

cuvette window, or in the case of a sample deposited directly on a substrate, medium

2 is also air and n2 = n1, medium 3 is the photoactive region characterized by complex

refractive n∗
3 when photoexcited and n3 when unexcited, medium 4 is another cuvette

window or a sample substrate, and medium 5 is another air phase.

then through another window (or substrate) of index n4 and thickness l4 into

air again (n5 = n1). Letting T0 denote the wave transmitted through air in the

absence of a sample, we get the transmission through the unexcited sample:

T calc
unexc(ω) = T 0(ω) t12 eiωn2l2/c t23 eiωn3l/c t34 eiωn4l4/c t41

·e−iωn1(l2+l+l4)/c MR3

(2.5)

where the fourth exponential factor compensates for propagation through the

air displaced by the sample. Here we consider the effect of multiple reflections

only in the photoactive region. Similarly, for the wave transmitted through the

excited sample we get:

T calc
exc (ω) = T 0(ω) t12 eiωn2l2/c t∗23 eiωn∗

3 l/c t∗34 eiωn4l4/c t41

·e−iωn1(l2+l+l4)/c MR∗
3

(2.6)

Here t∗23, t
∗
34 and MR∗

3 are the transmission and multiple reflection coef-

ficients modified through the photoinduced change in n∗
3. Taking the ratio

T calc
exc (ω)/T calc

unexc(ω) yields the strongly simplified expression

T calc
exc (ω)

T calc
unexc(ω)

=
t∗23t

∗
34

t23t34
eiω∆nl/c MR∗

3

MR3
(2.7)

where we have defined ∆n ≡ n∗
3 − n3. The corrections MR∗

3 and MR3 are

necessary when region 3 is thin enough that the reflected THz waveforms overlap

in time with the transmitted ones as is the case for thin film samples or samples



i
i

“Thesis” — 2014/1/6 — 14:47 — page 28 — #28 i
i

i
i

i
i

28 THz-Time Domain Spectroscopy 2.2

where the pump penetration depth is short. In contrast, for e.g. solution

samples in a cuvette, the optical path length l is typically long enough that

the reflected waveforms can be filtered out temporally, and the MR factors are

not included in the analysis.

Tmeas
unexc

sample

∆Tmeas

(t)

(t)

Figure 2.5. A typical optical pump-THz probe experiment. Top: Reference experi-

ment where the probe waveform transmitted through the unexcited sample, Tmeas
unexc(t),

is measured. Here an optical chopper is placed in the THz generation beam, and

the difference between probe and no probe is recorded. Bottom: The sample is pho-

toexcited by the pump, and the difference between the probe waveform transmitted

through the photoexcited sample and the probe waveform transmitted through the

unexcited sample, ∆Tmeas(t), is recorded. In the latter case the optical chopper is

placed in the pump beam.

Experimentally, we measure in the time domain the THz field transmitted

through the unexcited sample Tmeas
unexc(t), and the photoinduced change in the

field ∆Tmeas(t) = Tmeas
exc (t) − Tmeas

unexc(t), see Figure 2.5. The corresponding

frequency resolved waveforms Tmeas
unexc(ω) and ∆Tmeas(ω) are obtained by Fourier

transformation. Taking the ratio between these we obtain

∆Tmeas(ω)

Tmeas
unexc(ω)

=
Tmeas
exc (ω)− Tmeas

unexc(ω)

Tmeas
unexc(ω)

=
Tmeas
exc (ω)

Tmeas
unexc(ω)

− 1 (2.8)

which can be directly related to the calculated quantity in (2.7). The

photoinduced change in the complex refractive index of the sample region

∆n(ω) can now be found by numerically minimizing the difference between

T calc
exc (ω)/T calc

unexc(ω) and Tmeas
exc (ω)/Tmeas

unexc(ω). From the corresponding dielec-

tric functions ϵ = (n3)
2 and ϵ∗(ω) = (n∗

3(ω))
2 = (n3 + ∆n(ω))2, the complex

photoconductivity can be found (see (2.1)):
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∆σ(ω) = −(ϵ∗(ω)− ϵ)iϵ0ω (2.9)

Thus the complex photoconductivity can be extracted from the measured

THz waveform transmitted through the unexcited sample and the photoinduced

change therein given prior knowledge of the refractive indices of the medium

before the sample n2, usually air or a window, of the unexcited sample n3, and

of the medium after the sample n4, usually a window or substrate, plus the

thickness l of the sample region.

For sufficiently thin samples for which the photoexcited region l is on the or-

der of micrometers or less [60], which is fulfilled in semiconductors with strong

optical absorption or in very thin samples such as graphene deposited on a

non-absorbing substrate, an analytical expression can be applied to extract the

optical functions of the sample [61]. In these samples the complex photocon-

ductivity can be calculated as [62, 63]

∆σ(ω) = −n+ 1

Z0 · l
∆Tmeas

Tmeas
unexc

(2.10)

Here it is assumed that the medium before the photoexcited region is air.

l is the thickness of the photoexcited region, n is the refractive index of the

medium after the photoexcited region (typically a supporting substrate or an

unexcited region of the same material), and Z0 = 377 Ω is the impedance of

free space. The SI unit for the photoconductivities extracted using either (2.9)

or (2.10) is S/m.

2.3 Pump-probe conductivity dynamics

In order to get the full amount of information obtainable from an optical

pump-THz probe measurement, one needs to measure the full 2-dimensional

map of photoconductivity versus both sampling delay τ samp and pump delay

τpump to obtain the frequency resolved photoconductivity at all pump delays

∆σ(ω, τpump). However, much information can be obtained by fixing one of the

measurement parameter and scanning the other. Figure 2.6 shows how the sam-

pling delay can be fixed at different positions relative to the THz probe in order

to be sensitive to the different components of the complex conductivity: On the

peak of the THz waveform the derivative is zero, and the ∆T value measured

here is, in the limit of small differential signals, primarily sensitive to changes

in the magnitude of the THz probe. ∆T recorded on the THz peak can then be

assumed to be proportional to the real component of the photoconductivity.
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0

∆T

τsamp

∆T ~ ∆σreal

∆T ~ ∆σimaginary

Figure 2.6. When fixing τ samp at the THz peak, the photoinduced change in THz

transmission (∆T ) will scale approximately linearly with the magnitude change of the

THz waveform and therefore give information about the real part of the photoconduc-

tivity. When setting τ samp at the zero crossing after the peak, ∆T will scale with the

time shift of the THz waveform and give information about the imaginary part of the

photoconductivity.

1-D pump-probe scans have been widely used to study the rates of genera-

tion and recombination of photoexcited charge carriers in bulk semiconductors

as well as trapping and exciton condensation [57, 64]. Additionally, pump-probe

delay measurements have been applied to study the injection of charge carriers

from light absorbing materials such as molecular dyes [65, 66, 67] or semicon-

ductor quantum dots (QDs) [68, 69] into mesoporous oxide films in excitonic

solar cell geometries like the ones presented in section 1.3. In these systems

THz-TDS presents an advantage over other spectroscopic techniques such as

time resolved photoluminescence (PL) or transient absorption (TA). In the lat-

ter two techniques, charge injection is indirectly inferred by probing the number

of excited carriers in the donor (dye or QD). However, a reduction in the pho-

toexcited carrier population in the donor can also be caused by recombination

processes, and does not constitute unambiguously proof that injection into the

oxide is taking place [6]. In THz-TDS the carrier population in the oxide can

be monitored directly. As charge carriers confined in a molecular dye or a QD

do not display a real conductivity component (section 2.4.3), the appearance

of real conductivity after photoexcitation is a direct indication of an increase

in the number of mobile carriers in the oxide phase, provided that the energy

of the photons exciting the dye or QD is below the bandgap energy of the ox-

ide so that direct excitation is avoided. Figure 2.7 from [69] shows THz pump
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Figure 2.7. THz probed photoconductivity versus pump-probe delay for a meso-

porous SnO2 film sensitized with PbSe quantum dots of varying size. From [69].

delay measurements performed on mesoporous SnO2 sensitized with PbSe QDs

of varying size. The injection rates inferred from the ingrowth of the THz con-

ductivity increase with decreasing QD size as stronger quantum confinement

increases the driving force for the injection process.

Another way to perform 1-D pump-probe scans is to fix τ samp to the point

where the probe field crosses zero (Figure 2.6). As the field vs. τ samp can be

approximated as a straight line in the close vicinity of the zero crossing, the ∆T

value recorded here is proportional to the time shift of the THz waveform, and

therefore to the imaginary component of the conductivity.

The 1-dimensional pump delay measurements described above provide in-

formation on the magnitude of the real or the imaginary part of the photocon-

ductivity as a function of pump-probe delay. Measuring the photoconductivity

magnitude generally gives information about the product of the number of pho-

toinduced charge carriers and their average mobility. In order to separate these

two factors and obtain information about the nature of the photoexcited charge

carriers and the mechanism of conductivity, measurement and analysis of the

probe frequency resolved photoconductivity σ(ω) is necessary.

Below we present a few models for frequency resolved conductivity that can

be used to distinguish between free charge carriers and carriers experiencing

various degrees of confinement.
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2.4 Conductivity models

2.4.1 The Drude model

A simple model for describing the complex conductivity of free carriers acceler-

ated by an oscillating electric field is the Drude model. Here the electrons and

holes are treated as an ideal classical gas, not interacting with each other, and

interactions with the lattice are assumed to take place only through momentum

randomizing scattering events occurring with a mean scattering time τ s. In the

absence of an applied field, the charge carriers move with the thermal veloc-

ity vt =
√
3kBT/m∗ (for a 3-dimensional system). Here kB is the Boltzmann

constant, T is the temperature, and m∗ is the effective mass of the carrier. As

the thermal motion can be described as a random walk, the mean velocity of

the carriers in the absence of a field is zero. When applying a time varying

electric field E(t), the carriers will acquire a mean drift velocity vd. For field

strengths typically used in THz experiments, the interaction with the field is

non-pertubative: vd is typically on the order of millimeters per second whereas

vt is on the order of a hundred thousand of meters per second in a typical semi-

conductor at room temperature. The equation of motion for the ensemble of

electrons is

− e

m∗E(t) =
d

dt
vd(t) +

1

τ s
vd(t) (2.11)

where e is the elementary charge.

For an external electric field oscillating with angular frequency ω, E(t) =

E0e
−iωt, the expression (2.11) has the solution

vd(t) = −eτ s
m∗

1

1− iωτ s
E0e

−iωt. (2.12)

The carrier mobility µ can be defined as the proportionality factor between

the drift velocity and the applied electric field:

µ(ω) =
vd(t)

E(t)
= −eτ s

m∗
1

1− iωτ s
. (2.13)

The conductivity of the material is then simply the (average) mobility of an

electron times its charge times the density of electrons N

σDrude(ω) = N(−e)µ(ω) =
Ne2τ s
m∗

1

1− iωτ s
. (2.14)

Here the conductivity can be found in S/m. This is the main result of the
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Figure 2.8. Drude conductivity versus angular frequency times scattering time. The

real conductivity peaks at ω = 0 and the imaginary conductivity is positive for all

ω. The angular frequency where the real and imaginary parts cross is related to the

scattering time through τ s = ω−1
cross.

Drude model. It can be rewritten by introducing the plasma frequency

ωp =

√
e2N

ϵ0m∗ (2.15)

so that (2.14) becomes

σDrude(ω) =
ω2
pϵ0τ s

1− iωτ s
. (2.16)

The expression for the conductivity now consists only of natural constants and

the two variables ωp and τ s. Thus by measuring the complex THz frequency re-

solved conductivity and fitting to (2.16), these two parameters can be extracted

directly. Further, if the effective mass m∗ is known, the carrier mobility µ(ω)

and the carrier density N can be found from (2.13) and (2.15) respectively. The

complex conductivity predicted by the Drude model is shown in Figure 2.8.

This model has been widely applied to describe the conductivity free charge

carriers in bulk crystalline semiconductors and metals where the assumption of

exclusively momentum randomizing scattering events, on either lattice defects

or phonons, hold. Figure 2.9 from [70] shows frequency resolved photoconduc-

tivities measured on bulk GaAs and fitted to the Drude model. From these fits

the carrier scattering rate γs = τ−1
s and the sheet carrier density Ns were found

at various pump intensities and -delays.

In chapter 3 we apply the Drude model to extract the scattering time and

carrier density in photoexcited InN in order to quantify the number of generated
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Figure 2.9. Sheet photoconductivity versus ordinary frequency measured in GaAs at

three pump delays and fitted to the Drude model. Markers show measured data and

lines show Drude fits. From [70].

carriers per incident photon.

2.4.2 The Drude-Smith model

As mentioned in the previous section, the Drude model assumes that every

carrier scattering event is completely momentum randomizing. However, in

materials where for instance carrier scattering on boundaries of crystals or edges

in 1-dimensional conducting molecules occurs, the assumption of completely

momentum randomizing scattering is no longer valid, and the Drude model has

been found poorly describe the conductive response. Instead a modified version

called the Drude-Smith model, taking into account the possibility that a charge

carrier scattering on for instance a boundary predominantly scatters in the

backwards direction, has been successfully applied to describe the conductivity

in for instance polymer samples [71, 72, 73].

σDrude−Smith(ω) =
ω2
pϵ0τ s

1− iτ sω
·

(
1 +

∞∑
n=1

cn
(1− iωτ s)n

)
(2.17)

The Drude-Smith model was proposed by Smith [74] and it introduces the

additional parameter cn which denotes the probability that a carrier maintains

its velocity in scattering event n. It is common to assume that the persistence of

velocity is retained only for the first scattering event so that only the first term of

the sum in (2.17) is included. In this case the persistence of velocity is given by
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Figure 2.10. Drude-Smith conductivity versus angular frequency times scattering

time for a few values of the backscattering parameter c. Increased backscattering

reduces the real conductivity at low frequencies, and in the case of complete backscat-

tering, the DC conductivity is zero. Additionally, the restoring force caused by the

backscattering gives rise to a negative imaginary conductivity at low frequencies. In

the case of complete backscattering (c = −1) the predicted behavior bears resemblance

to the bound carriers described by the Lorentzian oscillator model.

the parameter c so that c = 0 describes fully momentum randomizing scattering

(and thus the model reduces to the classical Drude model) and c = −1 describes

complete backscattering. Figure 2.10 shows the conductivity predicted by the

Drude-Smith model including only one non-random scattering event for various

values of the backscattering parameter c.

In chapter 5.3.1 the Drude-Smith model is used to describe the conductivity

of two types of 1-dimensional graphene based conductors, graphene nanoribbons

(GNRs) and carbon nanotubes (CNTs), oriented randomly so that scattering

from the edges of the conductors is prominent in the THz conductivity experi-

ment.

2.4.3 The Lorentz oscillator model

The Drude and Drude-Smith models presented above describe the conductivity

of free charge carriers moving in a media with various scattering properties.

Conductivity responses in the THz spectral range can also arise from charge

carriers completely localized or ‘bound’ in excitons either by a confining envi-

ronment or by strong electron-hole Coulomb attraction [49, 75, 76, 77]. The

conductive response of such systems is most simply described as a Lorentzian

oscillator with a resonance at a finite frequency. This model is a generalization
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Figure 2.11. Lorentz conductivity versus angular frequency times scattering time.

For excitonic transitions the resonance frequency ω0 is typically much higher than the

probing frequencies.

of the Drude model obtained by adding a restoring force term to (2.11). The

conductivity predicted by the Lorentzian oscillator model is:

σLorentz(ω) =
ω2
pϵ0τ s

1− iτ sω + iτ sω2
0/ω

(2.18)

Where ωo is the angular frequency of the oscillatory response so that ν0 = ω0/2π

is the resonance frequency. Thus the Drude expression in (2.16) is a special

case of the Lorentzian oscillator centered at ω0 = 0. Figure 2.11 shows the

conductivity predicted by the Lorentz oscillator model.

In excitons the energy of the resonance ~ω0 corresponds to the excitonic

interband transitions. Exciton binding energies typically lie in the 1–100 meV

range [42] and in most inorganic semiconductors excitons only exist well below

room temperature [64]. However, in organic semiconductors where the dielec-

tric screening between electrons and holes is low, excitons are observed at room

temperature [71, 78, 79, 80]. For these excitons the interband transitions are

typically much higher in energy than the THz photons, and no photon ab-

sorption occurs. These excitons therefore show no real conductivity. The THz

photons do however polarize the excitons through a non-resonant interaction,

and a negative imaginary conductivity is observed, see Figure 2.11. This is can

also be seen from (2.18) by setting ω0 ≫ ω.

The condensation of carriers into excitons has important implications for the

electronic properties of a material. Whereas free carriers can be accelerated by

an electric field which induces a preferential drift and thus an electric current,

electrons and holes bound in excitons have a net charge of zero and will not be
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scattering at particle boundaries depolarization fields

Figure 2.12. Two processes that can cause the photoconductivity of mesoporous

oxide films to deviate from bulk behavior. Scattering at the particle boundaries de-

scribed by the Drude-Smith model, and depolarization fields in the dielectric oxide

material, screening the probe field.

accelerated in a static electric field. As described in chapter 1, these properties

have important consequences for the operating principles of photovoltaic devices

based on materials with different levels of dielectric screening.

2.4.4 Effective medium theory

As seen in section 1.3 and 2.3, mesoporous oxide films are important electron

acceptors in dye/QD sensitized solar cells. These films typically consist of 10–

50 nm particles of TiO2, SnO2 or ZnO, sintered together to form percolated

pathways for electron transport. Since the particle diameters in such films are

larger than the Bohr radius for charge carriers, the individual oxide particles

making up the film are expected to show bulk conducting character as described

by the Drude model. However, the THz conductivity of mesoporous oxide films

has been found to be poorly described by the Drude model [81, 82]. There

are two possible reasons for this behavior, sketched in Figure 2.12. One is

preferential backscattering at the boundaries of the oxide particles, which can be

described by the Drude-Smith model introduced in section 2.4.2 [74, 81, 83, 84].

The other possible reason is the effect of depolarization fields [82, 85]. Because

of the large contrast in dielectric constant between the oxide particles and the

surrounding air phase, dipoles in the highly polarizable oxide phase will screen

the electric field of the THz probe. The flux density is therefore larger in the air

than inside the particles [82]. This means that the conductivity measured by

the THz probe in the far field is different than the actual intrinsic conductivity

of the oxide phase.

When the particles are significantly smaller than the probe wavelength, an
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effective medium formalism can be applied where a single average dielectric

function can be found for the air/particle system. The THz response of a

TiO2 mesoporous film has previous been explained using the analytical Maxwell-

Garnett effective medium model [82].

In chapter 6 we apply the effective medium formalism combined with nu-

merical calculations to gain further insight into the charge carrier dynamics in

mesoporous TiO2 networks.
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3 Carrier multiplication in

indium nitride

3.1 Introduction

Carrier multiplication (CM) is the process by which the excess energy of a pho-

toexcited electron (or hole) in a semiconductor is used to promote additional

electrons across the bandgap, see Figure 3.1. CM has been explained in terms

of impact ionization [39, 86], and different studies have consistently shown that

CM occurs in many bulk semiconductor materials [86, 87, 88] and nanostruc-

tures [89]. CM can, in principle, be exploited for boosting solar cell efficiencies

beyond the Shockley-Queisser limit [12, 39] under otherwise identical conditions,

as it increases the potential solar cell photocurrent while reducing thermalization

losses. Theoretical studies have shown that the maximum efficiency achievable

by CM exceeds 44 %, obtainable for an ideal absorber material with an optical

bandgap of 0.7 eV, see section 3.A and references [40, 41]. InN is a promising

candidate for CM-based photovoltaics, having recently been discovered to have

Eg

Figure 3.1. Illustration of carrier multiplication: a high energy photon (blue) excites

an electron hole pair. The excess energy of the electron and/or the hole is transferred

to secondary electron hole pair(s) (red).

39
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a bandgap close to 0.7 eV [90, 91, 92], and fulfilling two requirements for high

CM performance [39]: (i) a wide phononic bandgap between optical and acous-

tic phonons and a narrow optical phonon bandwidth [93], expected to reduce

energy losses caused by phonon emission [92], and (ii) an asymmetric valence

and conduction band structure [94] that results in a large electron/hole effec-

tive mass-mismatch. The latter property means that the excess photon energy

is preferentially transferred to the electron, rather that the hole [95], making it

more probable for the electron to cause CM. Such characteristics offer the poten-

tial for InN to reach high photo-conversion efficiencies via CM. In this chapter,

the CM efficiency in bulk InN is quantified. The findings are compared to other

semiconducting materials from literature, and the implications for photovoltaic

performance are discussed.

3.2 Sample

The investigated sample is a monocrystalline 0.5 µm thick InN layer grown

by molecular beam epitaxy. Photoluminescence and optical absorption mea-

surements revealed an optical bandgap for the InN film of less than 0.7 eV,

indicating an intrinsic doping concentration on the order of 1018 cm−3, which

is comparable to other reported values for clean InN [96, 97].

3.3 Results and discussion

3.3.1 Quantifying the Carrier Multiplication effi-

ciency

Carrier multiplication efficiencies vs. excitation wavelength were quantified us-

ing THz time domain spectroscopy (THz-TDS), see section 2. An advantage of

using a high-frequency (terahertz) probe to determine the conductivities over

device photocurrent measurements is that the conductivities are inferred locally

by the oscillating optical probe field. In device photocurrent measurements,

charges move over large distances between physical contacts, and are therefore

more subject to defects and irregularities in the material. Furthermore, in THz-

TDS experiments, photoconductivities are measured on timescales of ps after

excitation, which means that complications caused by radiative recombination

and recombination at surfaces and interfaces, see section 1.1, can be avoided

[88]. The photoconductivity measurement involves measuring the photoinduced

change in transmitted THz field (∆T ) and the total THz transmission through



i
i

“Thesis” — 2014/1/6 — 14:47 — page 41 — #41 i
i

i
i

i
i

3.3 Carrier multiplication in indium nitride 41

0|∆
T

/T
| /

 Φ
ph

 (
a.

u.
)

12840
pump-probe delay (ps)

 4.66 eV
 3.10 eV
 2.48 eV
 1.91 eV
 1.55 eV
 1.24 eV
 0.95 eV

Figure 3.2. Magnitude of photoinduced THz absorption ∆T scaled to total trans-

mitted THz intensity T divided by photon fluence (photons / m2) vs. pump delay at

seven excitation wavelengths indicated by their corresponding photon energies. It is

evident that for higher photon energies a larger signal per photon is observed, which

is attributed to CM. Traces are positioned in time so as to cross in a single point.

the unexcited sample (T ) for reference. The ratio ∆T/T measured on the peak

of the THz waveform is proportional to the real part of the samples’ photo-

conductivity (section 2.3) which is determined by the product of the carrier

density N , the elementary charge e, and the carrier mobility µ. The measured

THz photoconductivity of our InN sample is positive, which is seen as negative

∆T/T values (equation (2.10)). In Figure 3.2 we plot the magnitude of ∆T/T

divided by the excitation fluence as a function of pump-probe delay for various

excitation photon energies. As excitation occurs with an optical pump pulse du-

ration on the order of 100 fs, effectively instantaneous in our measurement, the

gradual rise in THz absorption implies a time-dependent increase in the product

µ · N after the initial excitation. Presumably, the short-lived initial negative

signal, observed just after excitation for pumping energies above 1.55 eV, can

be related to stimulated THz emission from hot carriers in the InN layer [98].

An increase in µ can be explained by two separate mechanisms: Firstly, as µ

is inversely proportional to the carrier effective mass m∗ (see (2.13)), a gradual

increase in µ can be understood by considering changes in m∗. Electrons are

initially photoexcited well above the InN conduction band minimum. In these

high energy states, m∗ is larger (than at the bottom of the conduction band)

due to the non-parabolicity of the bands [97, 99]. Therefore, with increasing

pump delay, a gradual cooling of the hot electrons results in a decrease in m∗,

consequently increasing µ. Secondly, if a high carrier density is initially created
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Figure 3.3. Real (red) and imaginary (blue) parts of the photoconductivity vs.

probe frequency measured 10 ps after excitation by a 3.10 eV pump pulse at absorbed

fluence 2.8 · 1016 m−2 and fitted to eq. (2.14). The density of excited electrons (N)

was extracted assuming an effective mass of m∗ = 0.13 m0.

within a thin layer of the sample, as can be the case when the pump energy is

far above the absorption threshold, momentum randomizing elastic scattering

events of excited electrons with holes and hot phonons can cause an initially

lower µ [100], which increases with time, as diffusion reduces the total charge

density [57, 70]. The changing carrier density does not affect the measured

photoconductivity directly (through N) as we are sampling the whole thickness

of the InN layer. Additionally, the CM process itself is expected to generate

secondary excited electrons after the initial excitation, causing an increase in N

with time after excitation. After ∼6 ps the signal reaches a constant plateau for

all pump energies. The flat behavior after the initial rise indicates the absence

of recombination events on the measured time scale. This is in agreement with

the low defect concentration expected in our sample.

From Figure 3.2 it is clear that the magnitude of the photoconductivity per

absorbed photon increases with increasing photon energy, which is indicative

of CM. However, assessing the number of excited charge carriers per absorbed

photon from the data shown in Figure 3.2 requires knowledge of the carrier

mobility, µ. µ can be determined from the complex conductivity of the photo-

excited charge carriers as function of the probe (THz) frequency by application

of an appropriate conductivity model, section 2.4. The measured complex fre-

quency resolved conductivity was fitted to the Drude model for free carriers in

a momentum randomizing scattering medium, equation (2.14) in section 2.4.1,

which is commonly used in bulk materials. An example of data and fit is shown
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Figure 3.4. THz photoabsorption (proportional to the photoconductivity) versus

absorbed excitation fluence for multiple photon energies.

in Figure 3.3. It is evident from the figure that the conductivity is well described

by the Drude model. From (2.14) we see that the mobility µ is determined by

the mean scattering time τ s and the effective mass m∗. m∗ is assumed to be

the same at all excitation photon energies after the initial carrier thermaliza-

tion in Figure 3.2. By measuring photoconductivity versus probe frequency at

a number of photon energies and -densities and fitting to (2.14), we found that

τ s takes a value of 52 ± 6 fs, independent of excitation energy and intensity

(measurements were performed at 1.55 eV, 3.10 eV and 4.66 eV at excitation

fluences Φph ranging from 3 · 1015 m−2 to 1 · 1017 m−2). Thus µ is constant

within the range of experimental conditions employed here, and the dependence

of the magnitude of ∆σ(ω) (i.e. ∆T/T ) on excitation energy at long times (Fig-

ure 3.2) must be caused by variations in the carrier density. The conductivity

normalized to absorbed fluence |∆T/T |/Φph is therefore a direct measure of the

efficiency of photo-excitation, or Quantum Yield (QY).

The measurements shown in Figure 3.2 were performed at a range of excita-

tion fluences (ranging from 2.9 · 1015 m−2 to 4.7 · 1016 m−2) for each excitation

energy. The magnitudes of ∆T/T taken on the flat plateau after the initial rise

seen in Figure 3.2 are plotted versus the excitation fluence in Figure 3.4. The

signal magnitude is seen to scale linearly with the excitation fluence; showing

that interactions between photoexcited carriers at high fluences are not signif-

icant [100]. The slope of ∆T/T vs. fluence is proportional to the quantum

yield. This is plotted (black dots) versus pump photon energy in Figure 3.5.

Figure 3.5 shows that carrier multiplication occurs at photon energies starting

from approximately 1.7 ± 0.2 eV, which is between two and three times the
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Figure 3.5. Black dots show the measured Quantum Yield (QY) vs. photon energy

for InN (the black line is a guide to the eye). CM is observed at energies above 1.7

± 0.2 eV equal to ∼ 2.7 times InN Eg. In blue the QY of an ideal CM absorber [41]

with Eg = 0.64 eV is shown, and in red, the AM1.5G solar spectrum [4].

value of the bandgap for InN. Below this CM onset value we can assume to

have a QY of 100 %. That is, the number of excited carriers N equals the num-

ber of absorbed photons. With this assumption we find, fitting the frequency

resolved photoconductivity measured with 1.55 eV excitation to (2.14), that the

electron effective mass m∗ for our InN sample is 0.13 m0 (where m0 denotes

the free electron mass). This value is consistent with previously reported values

ranging from 0.05 m0 to 0.24 m0 [90, 101, 102, 103, 104, 105, 106, 107, 108].

Above the CM onset the QY rises linearly with photon energy with a slope of

21 % of the pre-CM onset value per eV, which is equal to a 13 % increase per

Eg (Eg = 0.64 eV [92]).

Table 3.1 shows a comparison of the CM onset and efficiency slope measured

for InN with other bulk semiconductor materials from previous works. The

experimental CM behavior for all materials in table I is quite different from that

of an ideal absorber (see blue line in Figure 3.5). Ideally, (i) CM should start

at the lowest energetically allowed value, 2Eg, and (ii) the QY should increase

by unity each time the excitation energy increases by a unit of Eg. The causes

for the deviation from ideal behavior are discussed in the following. Regarding

(i), the later onset of CM (at 2.7Eg, rather than 2Eg) results from the excess

photon energy being distributed over the initially excited electron and hole. For

CM to occur, one or both charge carriers need to have surplus energy in excess

of Eg to facilitate a secondary interband transition over the bandgap. The

total photon excess energy is distributed - to a first approximation - according
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Table 3.1. Measured CM properties and calculated solar cell efficiencies for InSb,

PbSe, PbS, InN and Si. From left to right the columns show material bandgap Eg

(eV), relative CM onset and slope efficiencies, solar power conversion efficiency simu-

lated (see appendix 3.A) using the experimental CM onset and slope, and lastly the

conversion efficiency increase caused by CM. Data from PbSe, PbS and InN were mea-

sured using THz-TDS, while data from InSb and Si were obtained from device current

measurements.

Eg (eV) CM On-

set / Eg

CM slope

× Eg (%)

Simulated Power

conversion effi-

ciency η including

CM (%)

Efficiency increase

caused by CM (%

point)

InSb [87] 0.17 2.5 12 1.5 1.06

PbSe [88] 0.27 6.6 18 4.3 0.57

PbS [88] 0.42 4.8 32 11.7 1.04

InN

(present

work)

0.64 2.7 ± 0.3 13 ± 1 21.7 0.98

Si [86] 1.12 2.9 25 33.5 0.05

to the electron and hole effective masses: the lighter particle receiving more

energy than the heavy particle [95]. Figure 3.1 shows the situation where the

electron is lighter than the hole, meaning that the curvature of the conduction

band is greater than that of the valence band. Here it can be seen that for

a vertical, optical transition, the lighter electron receives a greater part of the

photon energy than the hole. Thus, in the case of similar effective masses for

electrons and holes, as is the case for the lead salts PbSe and PbS [18], the

CM onset occurs at higher relative photon energies since the excess excitation

energy is distributed uniformly between electrons and holes. Conversely, InSb,

InN and Si all have rather large differences between me and mh [18] (effective

hole masses of 0.45∼0.65 m0 have been reported for InN [94]) which allows

for CM onsets closer to the ideal 2Eg. However, since the excited electron (or

hole) must spend a certain amount of time in a higher energy state for CM to

be probable, deviations from the ideal behavior occurs. Competing relaxation

processes (see below) reduce the QY, particularly for small excess energies just

above a CM threshold [109]. This explains why the CM efficiency does not

rise in a step like manner as in the ideal case shown in Figure 3.5, but rather

as a straight line. Regarding (ii), the relatively small slope of the QY after

the onset can be traced to processes competing with CM, specifically phonon

assisted relaxation [39, 86, 110]. Above the CM onset the slope of the QY vs.
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photon energy is determined by the relative rates of the loss channels vs. the

impact ionization rate. While multi-phonon relaxation seems to be fairly slow

in InN (see the ∼ ps rise of the signal in Figure 3.2, which will be discussed

in more detail in section 3.3.2), the impact ionization rate may also be lower

than in other materials. This rate is determined to an important extent by the

initial (single high-energy e-h pair) and final (two e-h pairs) densities of states

[88] for the CM process. In InN the valence and conduction band valleys at the

Γ point are non-degenerate [111], which may account for the low CM efficiencies

observed. More detailed aspects of the energy band structure, facilitating the

conservation of energy and momentum in the secondary interband transition,

have also been suggested to have an impact on the CM efficiency [39].

Using the method described in detail in appendix 3.A, the maximum power

conversion efficiency η achievable from a photovoltaic device was calculated

based on the materials presented in table 3.1. Calculations were performed

using the detailed balance model [41], taking into account the energy overlap of

the QY with the solar spectrum (AM1.5G). The QY was assumed to be 100 %

for energies between Eg and the CM onset, and includes the experimental CM

onsets and slopes for each material. For InN a conversion efficiency of 21.7 %

is calculated, significantly lower than the theoretical limit of 42.8 % (calculated

with an ideal, step-like QY and Eg = 0.64 eV). Without CM the conversion

efficiency of an absorber with Eg = 0.64 eV is 20.7 %, indicating that the

CM processes observed here has the potential to increase the total conversion

efficiency of an InN photovoltaic device by 1 % point. This conclusion is in

agreement with a recent report [112] showing that, owing to the competition

between carrier cooling and simulated hot carrier extraction/impact ionization,

the maximum efficiency of an InN based solar cell is indeed close to the Shockley-

Queisser limit for that bandgap. From the simulated efficiencies in table 3.1 it

is clear that the improvements in power conversion efficiency of a PV device

owing to the CM process are minor for the materials studied here. It has been

proposed [39] that tailoring the band structure of a material, for example by

alloying Si with Ge, can increase the rate of impact ionization, boosting the

efficiency of CM beyond that of conventional materials. In this manner, bulk

materials yielding significant PV efficiencies through CM may yet be attainable.

3.3.2 Carrier dynamics

In order to gain more insight into the processes occurring during the first pi-

coseconds after excitation, we fitted the signal buildup seen in figure 3.2 to a

simple exponential function of the form N long · [1 − exp(−∆t/τ rise)] at each
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Figure 3.6. Exponential rise times extracted from the data shown in figure 3.2. Inset

shows the THz absorption data normalized to the end level.

photon energy over a wide range of fluences. The fitted time constants τ rise are

shown in Figure 3.6. τ rise was found to be independent of excitation fluence,

and similar τ rise values were found for all tested excitation energies above 1.5 eV

and smaller for lower energies.

As mentioned in section 3.3.1, the rise of the photoconductivity in InN just

after excitation is affected by the cooling of the photoexcited carriers through

the conduction band. As the carriers cool to lower energies, the effective mass

decreases because of the nonparabolic bands in InN [97, 99], increasing the con-

ductivity. Additionally, the increase in conductivity after photoexcitation can

be influenced by the change in carrier density as the photoexcited carriers dif-

fuse through the sample. However, as the dynamics shown in Figure 3.6 were

found to be independent of excitation fluence, we neglect the influence of time-

dependent carrier density. In the following we therefore explain the observed

signal rise times as a cooling of the photoexcited carriers. From the data in

Figure 3.6 there appears to be a bottleneck in the relaxation process for carriers

excited with 1.5 eV photons so that carriers excited to higher energies quickly

thermalize to this energy, but subsequently take on average 1.2 ps to lower their

energy to the bottom of the conduction band. It has been reported [113, 114]

that the energy relaxation rates of hot electrons in InN should at room tem-

perature be dominated by inelastic scattering with longitudinal optical (LO)

phonons. However, the relatively slow carrier cooling times previously reported

[113, 115] and also observed here, were found to be inconsistent with the rather

short theoretically predicted LO phonon scattering times. This discrepancy was

initially ascribed to the ‘hot phonon effect’ [113, 114] where phonons emitted
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by the cooling carriers cause a phonon bottleneck effect, leading to phonon re-

absorption by the carriers. More recent studies [115, 116, 117] have attributed

the long observed carrier cooling times to screening of the electron-phonon in-

teraction by free electrons originating mainly from unintentional doping of the

samples. In [115, 116, 117] InN samples of decreasing levels of background dop-

ing were photoexcited with 0.95 eV photons in the pertubative regime of low

excitation density, and progressively faster cooling times, going from 1.4 ps [115]

to 400 fs [116] to less than 100 fs [117], were observed as the background elec-

tron density in the samples was reduced. The authors concluded that the carrier

cooling rate is proportional to the LO phonon emission rate [118], which is lim-

ited by the screened Frölich interaction. The cooling rate is then proportional

to [1+ (N/N c)
2]−1 [115] where N is the total free carrier density in the sample

and N c is the critical carrier density which is reported to be ∼ 1.5 · 1018 cm−3

in InN [119]. It was found experimentally [116] that in the limit of photoexcited

carrier densities smaller than the background density, the cooling rate was not

significantly affected by the photoexcitation density. In the electron-LO phonon

screening picture, this can be explained by the fact that it is the total carrier

density that determines the cooling rate.

In our InN sample we do not know the background density exactly, but as

stated in section 3.2 we know that it is on the order of 1018 cm−3. This is

comparable to the critical carrier density N c, which means that there is some

level of electron-phonon screening caused by the background carriers in our

sample. The screening then also explains why we do not see the fast sub 100 fs

decay times observed in [117] even for 0.95 eV excitation.

The highest initially photoexcited carrier densities for the data in Figure 3.6

were on the order of ∼ 1017 cm−3, lower than the background carrier density,

which might explain why the signal rise times were found to be independent of

excitation density.

3.4 Conclusions

We employed THz time domain spectroscopy (THz-TDS) to probe the carrier

multiplication efficiency for excitation of InN with photon energies between

0.95 eV and 4.66 eV (1300 nm to 266 nm). The onset of carrier multiplication

was observed at approximately 2.7 Eg, and the slope of the photoinduced THz

conductivity per absorbed photon versus photon energy was 21 % / eV, yielding

a potential 1 % point increase in power conversion efficiency. While on paper

InN seems like an ideal candidate for CM assisted PV applications, its true CM
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efficiency appears significantly lower than that predicted for an absorber with

ideal CM properties. The PV efficiency increase caused by CM for InN and

other semiconducting materials were thus found to be rather modest.

3.A Appendix: Detailed balance calculations

Based on previous works by other groups [12, 40, 41] we calculate the solar

energy conversion efficiency of a single bandgap photovoltaic device including

the effect of CM.

Since the quantum yield (QY) is the number of electron-hole pairs generated

per incident photon, the photogenerated current density in the device is found

by integrating the QY times the solar flux Φsolar:

Jgen = e

∫ ∞

Eg

QY ·Φsolar dE (3.1)

Where Φsolar is the AM1.5G solar spectrum [4]. The effect of CM is included

via the QY which can then exceed 1. Figure 3.7 shows two limiting cases for

the quantum yield: the case where no CM occurs and the QY is zero for photon

energies below Eg and 1 for all energies above, and the case where the maximal

energetically allowed amount of CM occurs so that an additional electron-hole

pair is created for each time the excess photon energy exceeds Eg.

We assume that the only losses present in the device arise from intraband

carrier cooling and radiative recombination. Using the Planck radiation law,

the radiative recombination current density can be shown [40, 41] to have the

form:

J recomb = eg

∫ ∞

Eg

QY E2

exp [(E − eQY · V )/kBT ]− 1
dE (3.2)

Where g = 2π/c2h3, c is the velocity of light, h is the Planck constant, V is the

operating voltage of the cell, kB is the Boltzmann constant, and T = 300 K is

the temperature of the cell.

The output current density is then simply the difference between the gener-

ation and the recombination.

J = Jgen − J recomb (3.3)

From this the power conversion efficiency of a device at a given operating

condition (J, V ) can be found

η = J · V/P in (3.4)



i
i

“Thesis” — 2014/1/6 — 14:47 — page 50 — #50 i
i

i
i

i
i

50 Carrier multiplication in indium nitride 3.1

5

4

3

2

1

0

Q
Y

543210
Photon energy / Eg

maximal CM

no CM

Figure 3.7. Quantum yield versus photon energy for two limiting cases of carrier

multiplication: one where no multiplication occurs (black), and one where the maximal

possible multiplication occurs (blue).

where P in = 1000 W/m2 is the integrated power of the AM1.5G solar spectrum.

As the power conversion efficiency depends on the operating voltage V both

directly through the expression (3.4), and through J recomb (3.2), the maximum

conversion efficiency can be found by numerically optimizing (3.4) with respect

to V . Figure 3.8 shows the maximum power conversion efficiency calculated for

a range of values of Eg in the absence of CM and for maximal CM. In the case

of no CM, the well known Shockley-Queisser limit [12] is recovered, predicting

a maximal conversion efficiency of 33.7 % at Eg = 1.34 eV [41]. In the case of

maximal CM, the highest power conversion is 44.4 % occurring at Eg = 0.7 eV.
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4 Dynamics of photoexcited

carriers in graphene

4.1 Introduction

Carbon was recently found to exist as a stable monolayer of conjugated atoms

known as graphene [120]. Figure 4.1 shows the spatial structure and band

structure of pristine monolayer graphene. The valence- and the conduction

bands in graphene touch in a single point called the Dirac point, making it

semi-metallic. At energies close to the Dirac point, the dispersion relation in

this 2-dimensional material is linear, analogous to that of photons, only the

velocity of light c is replaced by the Fermi velocity vF ≈ c/300 [121]:

E = ~vF|k| (4.1)

Owing to the linear dispersion, charge carriers close to the Dirac point in

(a) (b)

E

k

Figure 4.1. (a) Spatial structure of graphene, a one dimensional layer of carbon

atoms. (b) Band structure of pristine graphene around the K-point in reciprocal space

where the filled valence band (blue) and the empty conduction band (grey) meet in a

single point called the Dirac point.

53
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graphene can be described as massless relativistic Dirac fermions [122, 123]. The

unique electronic structure gives graphene favorable conductive properties [124,

125], and exceptional charge carrier mobilities as high as 200,000 cm2 V−1 s−1

have been observed in suspended single layer graphene at low temperature [126].

Graphene also possesses exceptional optical properties. As graphene has a

bandgap energy of zero and a linear dispersion relation, pristine graphene dis-

plays a broad optical absorption ranging from the far infrareda to the ultraviolet

wavelength regime [129, 127], determined by the fundamental fine structure con-

stant [130]. Owing to these remarkable properties, graphene has received much

attention for use in optoelectronic applications [121, 131]. For these applica-

tions it is important to understand how light couples to the electronic system.

For photovoltaics specifically, it is interesting to know how the optical energy

absorbed in graphene over the wide spectral range is distributed: Whether it

is retained in the electronic system from which it can potentially be extracted,

or whether it is immediately lost to heat in the graphene lattice. Graphene

is already considered a prime candidate for optical energy harvesting, and the

photoresponse has been found to be dominated by energetic ‘hot’ charge carri-

ers through the photothermoelectric effect where a light induced difference in

electron temperature results in a thermoelectric voltage [132, 133].

With optical pump-THz probe spectroscopy, charge carriers can be optically

excited, and their conductivity probed on sub ps timescales. This makes it pos-

sible to follow the evolution of the carrier population immediately after optical

excitation with very high time resolution. The THz conductivity of intrinsic

mobile carriers in doped, non-photoexcited graphene has been shown to exhibit

a Drude-type response [134]. Early reports of optical pump-THz probe ex-

periments performed on epitaxially grown multilayer (and thus undoped [135])

graphene samples showed that optically exciting graphene led to a decrease in

the THz transmission [135, 136, 137]. This behavior could be explained by

a Drude type conductivity with fixed scattering time, causing an increase in

conductivity as carriers are photoexcited from the valence- to the conduction

band. The increased conductivity in turn explains the decreased THz trans-

mission. More recently, several groups have reported a photoinduced increase

in THz transmission in CVD grown monolayer graphene, the cause of which is

still under debate [63, 138, 139, 140].

We will show that the photoinduced increase in THz transmission can be

explained by the transfer of energy from absorbed photons to multiple intrinsic

aFor graphene with intrinsic dopant carriers, the interband absorption in the near infrared

region is reduced by Pauli blocking when the photon energy is smaller than 2|EF| [127, 128].
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dopant carriers in supported monolayer graphene, lowering the overall conduc-

tivity. By varying the excitation photon energies and -densities and measuring

the resulting photoconductivity, we are able to quantify the efficiency of energy

transfer from each photon to multiple dopant carriers in the graphene. We find

a very efficient energy transfer. Thus graphene shows promise for optoelectronic

and photovoltaic devices.

4.2 Samples

In this chapter we study single layer graphene grown by chemical vapor deposi-

tion (CVD). All data presented in subsection 4.3.1 were measured on a sample

of graphene on quartz obtained from Graphenea, San Sebastián, and the data

presented in the beginning of section 4.3 and in section 4.3.2 were measured

on a similar sample obtained from Graphene Supermarket, Calverton, NY. The

gated graphene sample used for the measurements presented in section 4.3.3 was

fabricated by depositing a graphene monolayer grown by CVD on a conductive

doped silicon substrate covered by an isolating SiO2 layer. This configuration

enabled the doped silicon substrate to function as a gating electrode. Electrical

source and drain electrodes were also connected to the graphene layer.

4.3 Results and Discussion

Upon photoexcitation of graphene with visible photons we observe an increase

in the transmitted THz field, see Figure 4.2 (a). Recently, several optical pump

- THz probe studies on monolayer graphene have similarly shown a photoin-

duced increase in THz transmission [63, 138, 139, 140]. One group saw a strong

dependence on environmental conditions on the magnitude and even the sign of

the photoconductivity [138]. Based on these and other observations, the authors

concluded that physisorption of gaseous molecules cause the opening of a small

bandgap in the graphene, which enables stimulated emission of THz radiation.

This emission can then explain the observed increase in THz transmission upon

photoexcitation. However, THz gain was not observed [138]. Others did not

observe any influence of the ambient environment [140], and the negative pho-

toconductivity has been explained by a decrease in the mean carrier scattering

time upon photoexcitation, leading to a lower conductivity [63, 140]. It is known

that CVD grown graphene deposited on a supporting substrate is intrinsically

doped [135, 134], and the mobile dopant carriers cause an intrinsic conductivity

in unexcited graphene samples. The observed photoinduced increase in THz
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Figure 4.2. (a) Illustration of a THz transmission measurement on supported

graphene. The amplitude of the transmitted THz pulse is larger in photoexcited- than

in unexcited graphene. (b) Measured THz frequency resolved transmission through a

sample of graphene on quartz. Photoexcitation causes an increase in the THz transmis-

sion of graphene comparable to, but smaller than the total absorption of the unexcited

graphene. Photon energy 1.55 eV.

transmission can therefore be explained by a reduction in the conductivity of

the dopant carriers as the carrier population is heated by the energy of the

optical excitation, after initial electron-hole pair generation [135, 139].

These two interpretations, THz emission vs. photoinduced reduction in the

intrinsic conductivity, have very different implications for the behavior of the

THz transmission at increasing photon fluences: In the case of a photoinduced

reduction in conductivity ‘bleaching’ the THz absorption, the upper limit of the

absorption change would be the initial absorption in the unexcited sample, while

in the case of THz amplification in the graphene, the transmission change could

exceed this value. From Figure 4.2 (b) we see that upon photoexcitation, the

THz transmission approaches, but does not exceed, that of the empty substrate.

This observation indicates that THz emission is not the cause of the observed
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Figure 4.3. Optical pump - THz probe dynamics of graphene measured with 3.10 eV

excitation.

photoinduced increase in THz transmission. THz emission appears to be either

absent or not detected in our experiment.

4.3.1 Multiple hot carrier generation

A typical optical pump-THz probe trace for graphene is shown in Figure 4.3.

Here we plot the actual value of ∆T/T (recorded on the THz peak) which

is positive, corresponding to a negative real photoconductivity ∆σ, see equa-

tion (2.10). The imaginary photoconductivity in graphene is found to be close to

zero. The sample is photoexcited at zero pump-probe delay, and a very fast rise

in the negative conductivity is seen upon excitation, followed by a slower decay.

These observations can be explained as follows: As argued in [139] and the dis-

cussion below, the energy of an optically excited high energy electron-hole pair

in graphene is quickly dissipated via one of the processes shown schematically

in Figure 4.4: It can be transferred to secondary electron-hole pairs through

carrier-carrier scattering, exciting them above the Fermi level, Figure 4.4 (a),

or the it can be immediately dissipated via phonon emission as shown in Fig-

ure 4.4 (b). The heating of the intrinsic dopant population during the thermal-

ization of the primary photogenerated charge carriers gives rise to a reduction

in overall conductivity as described in [139] and the associated supporting in-

formation. This explains the rapid decrease in conductivity seen as the rising

negative photoconductivity in Figure 4.3. The observed fast negative rise in

conductivity is consistent with reported carrier-carrier scattering times which

are well below 100 fs [135, 141]. The competing phonon mediated cooling of the

optically excited carriers occurs through emission of optical phonons [141] on
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timescales of hundreds of femtoseconds [137]. The conductivity change in Fig-

ure 4.3 peaks at time τpeak ≈ 200 fs, when the initial photoexcited carriers have

completely thermalized with the other carriers, and the system has reached a

thermalized ‘hot’ state with an elevated carrier temperature. At this stage the

carriers are in thermal equilibrium with each other, but out of equilibrium with

the graphene lattice. After tpeak, the energy is dissipated as the carriers revert

to thermal equilibrium with the lattice. As the energy of the thermalized hot

carriers is below the optical phonon energy of ∼ 200 meV [142], energy dissipa-

tion via optical phonon emission is not possible [143]. The energy transfer from

the carrier population to the lattice then occurs via acoustic phonon emission,

which is slower than carrier-carrier thermalization and optical phonon relaxation

[144, 145]. It has been proposed [142, 146] that the electron-to-acoustic phonon

energy transfer can occur through a process called supercollisions. Here the mo-

mentum conservation restrictions that limit the energy of the emitted acoustic

phonons to low values (. 4 meV) [146] is relaxed via disorder scattering [142].

We find that the process of acoustic cooling occurs with a characteristic decay

time of ∼1.4 ps, similar to the dynamics observed in other studies of graphene

[63, 135, 147].

(a)

E
hν

F

(b)

hν
E

F

Figure 4.4. Charge carriers in doped graphene following photoexcitation. The high

energy electron-hole pair generated via optical excitation can thermalize in two ways:

(a) The energy of the initial electron-hole pair can be transferred to the population of

intrinsic dopant carriers via the process called multiple hot carrier generation, or (b)

the energy can be lost via phonon emission.

Similar to the experiments presented in section 3, we can use the photoin-

duced (negative) THz conductivity to quantify the efficiency of energy trans-
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fer from the primary excited electron-hole pairs to secondary charge carrier in

graphene. We use the term multiple hot carrier generation to denote the pro-

cess where energy is transferred to the intrinsic carriers in order to distinguish

it from the carrier multiplication process studied in chapter 3, where secondary

carriers are excited across the bandgap of a semiconducting material as opposed

to being ‘heated’ above the Fermi level. Still, in the present process the energy

is retained in the electronic system from which it can potentially be extracted

in an external circuit, for instance in a photovoltaic application as suggested in

[133].

The value of the negative conductivity at the peak in the pump-probe mea-

surements tpeak, corresponding to the thermalized hot carrier population, can

be taken as a measure of the energy transferred to the intrinsic dopant carriers

during the thermalization of the initial photoexcited carriers, before the energy

is lost to the lattice. By measuring the magnitude of the negative photocon-

ductivity at tpeak versus the density of absorbed photons, we can quantify the

conductivity change per photon of a certain energy. This conductivity change

is proportional to the amount of heat absorbed in the electronic system, and

therefore to the hot carrier density, see supporting info of [139]. The peak

conductivity versus excitation density was measured at increasing photon en-

ergies in order to find the excitation efficiency, that is, the fraction of energy

transferred to the intrinsic carriers per photon, as a function of the original

photon energy. Figure 4.5 (a) shows the peak ∆T/T values versus absorbed

photon density measured at various photon energies. In the fluence regime em-

ployed here, the THz conductivity signal scales linearly with photon density,

meaning that each photoexcited carrier acts independently of other photoex-

cited carriers. Each photoexcited carrier thus gives rise to a constant change in

conductivity, depending only on the energy of the absorbed photon. It is clear

from Figure 4.5 (a) that for a given absorbed photon density, the magnitude

of the conductivity change increases with increasing photon energy. This is be-

cause a higher energy photon leads to more electron-electron scattering events,

and therefore a hotter carrier distribution. The number of hot carrier per pho-

ton is given by the slopes of the lines in Figure 4.5 (a), that is, the measured

conductivity change per absorbed photon. These slopes are plotted versus the

photon energy in Figure 4.5 (b). The scaled conductivity signal rises almost

linearly with photon energy. Qualitatively, this can be taken as an indication

of efficient energy transfer from an absorbed photon into multiple secondary

carriers: As the photon energy is increased, causing an initial electron-hole pair

of higher energy, more electron-electron scattering events can take place, and
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more energy is transferred to the secondary carriers. This causes an almost

proportional increase in (negative) photoconductivity with photon energy. En-

ergy loss via the emission of optical phonons becomes visible at higher photon

energies where the carrier-carrier energy transfer cascade takes more time, and

electron-phonon scattering start playing a role. However, this effect seems to

be rather modest for the photon energies studied here. The observation that

the photoconductivity per amount of energy initially put into the sample stays

almost constant means that almost all the absorbed photon energy is converted

into heated carriers. If energy relaxation via phonon emission would dominate,

the normalized conductivity signals should be independent of photon energy

[139, 141]. More quantitatively, it was shown in [139] that the deviation from

linearity of the values plotted in Figure 4.5 (b) can be used to directly extract

the coupling constant γel−ph between electrons and optical phonons, competing

with the carrier-carrier transfer process during the rise of the THz signal in

Figure 4.3. From γel−ph extracted from the data in Figure 4.5 (b) the authors

of [139] could calculate the branching ratio - the ratio between the rate con-

stants - between the two energy relaxation processes carrier-carrier scattering

and carrier-phonon scattering as function of photon energy. From the branch-

ing ratio the efficiency of energy transfer from an optically excited carrier to

the population of intrinsic dopant carriers was found to be 75 % and higher for

photon energies in the visible spectrum [139].
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Figure 4.5. (a) THz signal at tpeak vs. absorbed photon density at various photon

energies. Lines show linear fits. (b) THz peak signal normalized to photon density

vs. photon energy. Error bars show the standard deviation of the ∆T peak/T over N

values, and the line is a guide to the eye.

It has been demonstrated [132, 133, 148], that by employing particular device

geometries to achieve a difference in thermopower or Seebeck coefficient across
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a graphene sample, a photovoltage can be achieved via the photothermoelectric

effect, meaning that photoexcited electrons and holes can be separated. The

high photon-to-electron energy conversion efficiency in graphene found above is

thus a positive result for prospective graphene based optoelectronic applications.

Particularly, the efficient generation of multiple hot carriers from a single photon

can potentially boost the photocurrent of a PV device, and thereby increase the

energy conversion efficiency as suggested in section 1.4.

4.3.2 Carrier dynamics at high pump intensities

In the section above, the photoinduced conductivity change was used to quantify

the energy transfer efficiency from photons to dopant carriers in the limit of low

fluence where the photoconductivity scales linearly with excitation density. Here

we explore the photoinduced THz transmission in the region of high excitation

fluence in order to confirm the role of the intrinsic dopant carriers in the observed

negative photoconductive behavior.

Figure 4.6 (a) shows the photoinduced ∆T/T value (proportional to the

negative real conductivity) measured at tpeak versus absorbed fluence for two

photon energies measured on a fluence range much larger than the data in Fig-

ure 4.5. We see a clear saturation behavior at high fluences, and the photoin-

duced THz transmission at both photon energies tends towards the same value.

The saturation of the THz transmission observed at high excitation fluence can

be explained by a quenching of the conductivity of the intrinsic dopant popula-

tion. When the intrinsic population of mobile carriers gradually becomes hotter,

showing gradually less conductivity, less photoinduced conductivity change oc-

curs for each additional absorbed photon.

From Figure 4.6 (a) we also see that saturation occurs for a lower fluence

of 3.10 eV photons than 1.55 eV photons. This is consistent with our previous

findings that a high energy photon causes more carriers to be heated via the

process of multiple hot carrier generation, and therefore gives rise to a bigger

conductivity change than a low energy photon. In Figure 4.6 (b) we plot the

photoinduced THz transmission versus absorbed energy rather than number

of absorbed photons. We observe a very similar behavior for the two photon

energies employed here, confirming the efficient transfer of energy from high

energy photons into the electronic system in graphene found in section 4.3.1.

As the energy from either 1.55 eV or 3.10 eV photons is efficiently transferred to

the electronic system in graphene, it is the total energy of the absorbed photons

that determines the change in carrier temperature and therefore the change in

conductivity.
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Figure 4.6. (a) Relative photoinduced THz transmission versus absorbed photon

fluence for two photon energies measured after the photoexcited carriers have ther-

malized with the intrinsic carrier population, but before the heated population ther-

malizes with the lattice (tpeak in Figure 4.3). (b) Relative THz transmission at tpeak

versus absorbed energy density for the same two photon energies. Lines show fits to

expression (4.2) from the main text.

We fitted the data in Figure 4.6 (a) to a simple saturation model [149]

∆T/T peak =
A

(1 + F sat/F )
(4.2)

Where F is the fluence, A is the end level of transmission for fluence going

to infinity, and F sat is the saturation fluence - a measure of the fluence at which

saturation becomes significant. The fits are shown together with the data in

Figure 4.6. In order to obtain more statistical data, we repeated the measure-

ments presented in Figure 4.6 and extracted the fit parameters and standard

deviations. Taking the data for 1.55 eV and 3.10 eV excitation together, we

find an end level transmission of A = 4.8± 0.8 %. This value is comparable to,

but smaller than the total THz absorption of the unexcited graphene caused by

the intrinsic dopant population, which was found to be 5.4 %. The saturation

fluences were extracted separately for the two excitation photon energies, and

we found F sat = 6.0±0.3 ·1015 m−2 for 1.55 eV, and F sat = 3.5±0.5 ·1015 m−2

for 3.10 eV. As the THz measurements were performed on various spots on the

sample, the standard deviations in the extracted values of A and F sat might

arise from spatial variations in the dopant density.

We employed Raman spectroscopy to study the level of intrinsic doping

in the graphene. Figure 4.7 shows a Raman spectrum obtained on our CVD

graphene-on-quartz sample. By monitoring the G peak in the Raman spectrum

positioned at 1580 cm−1 in pristine undoped graphene, one can recover the
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Figure 4.7. Raman spectrum of graphene on quartz showing the G peak close to

1580 cm−1. Raman excitation wavelength was 488 nm.

Fermi energy and in turn the level of intrinsic doping [128]. The position of

the Fermi level relative to the Dirac point can be found from the G peak center

frequency νG through [128]

|EF| =
νG − 1580 cm−1

42 cm−1 eV−1 (4.3)
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Figure 4.8. Spatially resolved Raman image showing the center position of the G

peak νG measured on an area of 1 by 1 mm with 100 µm steps. Red color indicates

areas where reliable spectra were not obtained.

Figure 4.8 shows a spatially resolved map of νG measured on a 1 by 1 mm

area with 100 µm steps. This step size corresponds roughly to the diame-

ter of the THz probe beam, although the spot probed by Raman is signif-

icantly smaller. From the data in Figure 4.8 we find the average G peak

position for the whole area to be 1588.7 cm−1 with a standard deviation of
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2.6 cm−1. Both quantities correspond well with other reported values obtained

on supported monolayer graphene [150, 151]. We obtain a mean Fermi level of

0.21 eV ± 0.06 eV. From this we can find the density of intrinsic dopant carriers

ni. Using |kF| =
√
niπ [125] in (4.1), we obtain

ni =
E2

F

~2v2Fπ
(4.4)

where vF = 1.1 · 106m/s is the Fermi velocity [123]. We obtain an average

dopant density of ni = 2.7 · 1016 m−2.

In order to compare the saturation fluences found above to the intrinsic car-

rier density, we calculate the corresponding number of carriers excited to higher

energy levels through the multiple hot carrier generation process. The average

number of electron-hole pairs ⟨N⟩ heated through carrier-carrier scattering by

a photon of energy Eph can be approximated by [141]:

⟨N⟩ = 0.55 · Eph/EF (4.5)

Using the value EF = 0.21 eV from the Raman measurement, we find a

theoretical multiplication factor of 4 for 1.55 eV excitation and 8 for 3.10 eV

excitation. For comparison we calculate the ratio between the intrinsic dopant

density ni and the saturation fluences F sat to find the experimental multipli-

cation factor corresponding to a photoinduced excitation of all dopant carriers.

We find a value of 4.5 for 1.55 eV excitation and 7.7 for 3.10 eV. These val-

ues are very close to the theoretical multiplication factors, indicating that the

saturation in photoconductivity is indeed associated with a quenching of the

conductivity of the intrinsic dopant states. These observations thus corrobo-

rate our interpretation that efficient energy transfer occurs from photons to the

dopant carriers through the process of multiple hot carrier generation.

Another possible explanation for the leveling off of the photoconductivity

at high photon fluences is saturation of the interband optical absorption due to

Pauli blocking. However, it has been shown [152, 153, 154] that this process oc-

curs at excitation densities of about 5 ·1017m−2, much higher than the absorbed

photon densities for which we observe saturation of the THz photoconductivity.

We would therefore not expect this process to contribute significantly to the

saturation of the conductivity that we observe.

4.3.3 Electrically gated graphene

The dependence of the THz photoconductivity on the dopant population in

graphene can be further studied by performing photoconductivity measurements
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graphene

thin insulating SiO  layer

doped Si back-gate

source drain

2

Figure 4.9. Gated graphene sample: a monolayer of graphene is deposited on a

doped silicon substrate which acts as a gating electrode. The graphene is electrically

isolated from the silicon electrode by a SiO2 layer. Source and drain electrodes are

also attached to the graphene for DC current measurements.

at varying dopant densities. To this purpose we used a sample consisting of a

monolayer of graphene deposited on a conducting silicon substrate, electrically

isolated from the silicon by a thin layer of SiO2, see Figure 4.9. A static voltage

was applied to the Si substrate which then worked as a back-gate, allowing

control over the Fermi level relative to the energy bands in the graphene band

diagram. This allowed us to change the density of conductive dopant charge

carriers in the graphene by shifting the Fermi level closer to- or further away

from the Dirac point. The graphene was also contacted with source and drain

electrodes which allowed us to measure the DC conductivity.

Figure 4.10 (a) shows the conductivity of the graphene layer measured with

the source and drain electrodes as function of gate voltage. We observe a clear

decrease in conductivity when sweeping the gate voltage (V g) to positive values,

signifying that the Fermi level is shifted closer to the Dirac point, and the density

of dopant carriers is reduced. When going to negative gate voltages, the doping

level is increased and the conductivity increases.

Figure 4.10 (b) shows optical pump-THz probe dynamics for the graphene-

on-silicon sample for two different back-gate voltages corresponding to a rela-

tively low- and a relatively high level of doping. At the high doping level at

V g = −50 V, corresponding to the high conductivity in Figure 4.10 (a), we

observe an initial negative photoconductivity with a fast rise and decay. This is

attributed to the photoconductivity of the graphene. At longer pump-probe de-

lay the positive signal of the silicon rises and dominates the photoconductivity.

Interestingly, at V g = 0 V the graphene photoconductivity is not noticeable.

This is more clearly seen in Figure 4.10 (d) which shows the pump-probe traces

for graphene on silicon with the signal from pure silicon subtracted.

Figure 4.10 (c) shows the photoinduced THz conductivity measured at the

pump delay corresponding to the peak of the graphene photoconductivity as
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Figure 4.10. Conductivity measurements on back-gated graphene (Figure 4.9) per-

formed with electrical contacts and optical pump-THz probe measurements. (a) DC

conductivity between source and drain vs. back-gate voltage. (b) THz photoconduc-

tivity vs. pump-probe delay at two gate voltages, excitation photon energy 3.10 eV.

(c) THz photoconductivity recorded at a pump-probe delay corresponding to the peak

of the graphene signal versus gate voltage. (d) THz photoconductivity of graphene-

on-silicon minus the photoconductivity of bare silicon at two gate voltages, photon

energy 3.10 eV.
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a function of gate voltage. Here the transition from the negative graphene

photoconductivity to the positive silicon response is clearly seen.

Thus, by reducing the dopant carrier density we are able to reduce the ab-

solute magnitude of the negative photoconductivity. These observations clearly

show that the characteristic negative photoconductivity of graphene is related

to the intrinsic dopant population.

4.4 Conclusions

Using THz spectroscopy we have investigated the electronic processes taking

place immediately after photoexcitation of supported single layer graphene. We

found that photoexcitation of the graphene causes an increase in the THz trans-

mission, corresponding to a photoinduced decrease in the conductivity. This

observation is consistent with a photoinduced heating of the intrinsic dopant

carrier population, reducing the overall conductivity. After photoexcitation of

a high energy electron-hole pair, its energy is quickly dissipated either via energy

transfer to the dopant carrier population or via emission of phonons.

As the magnitude of the negative photoconductivity scales linearly with the

amount of energy deposited in the population of intrinsic conductive carriers

([139] and associated supporting information), we were able to study the energy

transfer from an optically excited electron-hole pair to the dopant carriers by

changing the excitation photon density and -energy. We found that the nega-

tive photoconductivity per absorbed photon, measured after thermalization of

the carriers, increases with photon energy. This indicates that a high energy

photon leads to a larger number of dopant carriers being heated than a lower

energy photon. The energy transfer occurs via a process we refer to as multiple

hot carrier generation. In this process the energy of a single photon, initially

absorbed in one electron-hole pair, is transferred to multiple charge carriers

near the Fermi level through a series of electron-electron scattering events. We

observe that the negative photoconductivity scales nearly linearly with photon

energy, indicating efficient conversion of energy from each initially photoexcited

charge carrier into multiple carriers. Detailed calculations show a very high

energy conversion efficiencies in excess of 75 %.

At increased excitation densities we observed a saturation of the photocon-

ductivity, indicating a quenching in the conductivity of the intrinsic dopant

carriers. The photoinduced THz bleaching at high excitation densities is com-

parable to the total THz absorption of the unexcited sample. We also found

that saturation occurs at a lower photon density when the photon energy is
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high, consistent with our finding of efficient transfer of the photon energy into

multiple hot carriers. Additionally, we found that the number of carriers excited

at the fluence where the signal saturates corresponds well with the number of

dopant carriers. By tuning the Fermi level with a back-gate electrode, we were

able to change the population of intrinsic conducting carriers. This resulted in

a change not only in the DC conductivity of the graphene as measured with

physical electrodes, but also in the THz photoconductivity. The results con-

firm that the observed negative photoconductivity is caused by the heating of

intrinsic conducting carriers in doped graphene.
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5 The photophysics of

1-dimensional graphene

nanostructures

5.1 Introduction

As stated in chapter 4, monolayer graphene has a bandgap energy of zero. And

although it has been demonstrated that bilayer graphene in a double gated con-

figuration can exhibit a bandgap energy of up to 250 meV [155], corresponding

to wavelengths in the mid-infrared (mid IR), graphene is considered unsuitable

for many electronic applications such as field effect transistors (FETs) [121, 156].

One way to induce a bandgap in graphene is to introduce quantum-

confinement in one dimension [125, 157]. Two types of one-dimensional

graphene-based structures have been established, achieving carrier confine-

ment in the lateral dimension: carbon nanotubes (CNTs), and flat graphene

nanoribbons (GNRs) with nanometer-scale widths. In both CNTs and GNRs,

the bandgap is associated with electron motion along the shorter dimension of

the system: circular motion along the circumference of the CNT, and in-plane

motion across the width of the GNR [121]. Both GNRs and CNTs are consid-

ered vital to the emerging field of carbon nanoelectronics [121]. Already, entire

logic circuits based on single CNTs have been realized [158], as well as CNT

[159, 160, 161, 162] and GNR-based [156] FETs. The nature of photo-generated

charges (excitons, or free charges) and the charge carrier mobility is crucial for

the performance of such devices. In this chapter the ultrafast photoconductive

properties of both types of graphene nanostructures - CNTs and GNRs - will

be assessed with respect to their potential applications in carbon electronics.

So far, GNRs have mainly been fabricated from two-dimensional graphene

through “top-down” approaches using e-beam lithography [156, 163]. These

GNRs were shown to have a finite bandgap which scales inversely with the

width; and their conductance scales proportionally with their width [163]. The

smallest width achieved by lithography was ∼ 15 nm, and the corresponding

69
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highest bandgap was 200 meV, giving rise to absorption in the infrared (IR)

part of the electromagnetic spectrum [163]. Fabrication of sub-10-nm GNRs

has been reported using several other methods, such as sonochemical cutting of

graphite [164], unzipping of carbon nanotubes [165, 166], and chemical etching

of lithographically pre-patterned GNRs [167], but it has so far been impossible

with such “top-down” approaches to fabricate GNRs with high structural defi-

nition, especially for sub-5-nm widths. Recently a “bottom-up” solution-based

approach was reported for making long GNRs with well-defined homogeneous

edge structures and widths down to ∼1 nm, possessing bandgaps corresponding

to visible wavelengths [168, 169, 170]. Calculations predict that such narrow

GNRs of well-defined edge structures can exhibit a band alignment with the

common electron acceptor C60 favorable for photovoltaic applications [171].

While the electronic properties of CNTs have been extensively investigated,

very few reports exist for GNRs with well-defined width and edge structures

[169, 172, 173].

CNTs [174], and in particular single-wall CNTs [175, 176], are similar to

GNRs: one can think of CNTs as “rolled up”GNRs. Depending on the chirality

of the “rolling”, CNTs can exhibit either metallic or semiconducting behavior

[177], and charge carrier mobilities as high as 100,000 cm2 V−1s−1 have been

reported for FETs based on single semiconducting CNTs [178]. Additionally,

CNT based photovoltaic devices have already been demonstrated [179, 180].

Surprisingly, despite their very similar chemical and electronic structure,

ultrafast photoconductivity measurements performed on both CNTs [181, 182]

and GNRs [170] have led to varying conclusions on the primary photoproducts.

Xu et al. [182] found that the photoresponse of isolated CNTs was dominated

by electrons and holes tightly bound in excitons, see section 2.4.3. These neutral

quasi-particles cannot be accelerated by applied electric fields, and therefore do

not contribute to long range conductivity. Beard et al. [181] reported the initial

generation of free carriers in CNT films, unbound, but obstructed in their motion

by the corrugated potential energy landscape within the conductor. Similarly,

for GNRs the presence of short-lived free charge carriers has been concluded

[170].

Here we present a unified view of the photogenerated species in structurally

well-defined GNRs and CNTs. The GNRs and CNTs studied have similar

dimensions, and both are semiconducting with comparable bandgaps. Using

optical pump - THz probe spectroscopy and appropriate modeling, the pres-

ence of excitons and (quasi) free charge carriers can be distinguished [42, 183].

We show that one model of restricted free charge carrier motion is capable of
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quantitatively reproducing the results for both GNRs and CNTs, although the

photoconductive responses appear different.

5.2 Samples

Structurally well-defined and narrow (1.1 nm) GNRs with an average length

of about 600 nm and an optical bandgap of 1.88 eV were chemically synthe-

sized as described in Ref. [170], see Figure 5.1 (a). The advantage of this

newly developed chemical “bottom up” synthesis approach is that it allows for

the fabrication of GNRs with sub-5 nm widths, giving rise to bandgap energies

corresponding to visible excitation wavelengths, Figure 5.1 (b), as well as well-

defined edge structures [168, 169]. The alkyl (C12H25) chains on the peripheral

positions are required in order to render the GNRs dispersible in organic sol-

vents. Our measurements were performed on two types of GNR samples: (i)

GNRs dispersed in 1,2,4-trichlorobenzene (TCB), and (ii) GNRs dropcast from

dispersion on a fused silica substrate. The TCB solvent is transparent at both

optical and THz frequencies.
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Figure 5.1. One dimensional graphene nanostructures investigated. (a) Graphene

nanoribbons. (c) (6,5) carbon nanotubes. In both structures quantum confinement

in the lateral dimension induces a bandgap. (b) Optical absorbance of GNRs. An

absorption edge is seen, signifying a bandgap at 660 nm ∼1.88 eV. (d) The absorption

spectrum of the CNTs is dominated by the excitonic S1 and S2 features of the (6,5)

CNTs [184]. An absorption threshold of 1115 nm, corresponding to 1.1 eV, can be

extracted from the spectrum. The free carrier bandgap is higher - approximately

1.3 eV [185]. Measurements on CNTs were performed by Ronald Ulbricht.
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Two analogous types of CNT samples were prepared: (i) individual CNTs

dispersed in an organic gel phase to achieve separation between the CNTs, simi-

lar to the environment of the GNRs dispersed in TCB, and (ii) a film consisting

of CNT aggregates similar to the dropcast GNR film. Prior to processing, CNTs

were diameter-sorted by density gradient ultra-centrifugation. Approximately

97 % of the CNTs were semiconducting, and of those 97 % at least 90 % were the

(6,5)-tubes (see Figure 5.1 (c,d)). The average tube length was approximately

260 nm. In the film, the aggregates were several microns long and interlocking

with each other.

The (6,5)-tubes studied have a diameter of 0.76 nm [186], comparable to the

lateral dimension of the GNRs. The bandgap of such tubes is reported to be on

the order of 1.3 eV [185].

5.3 Results and discussion

5.3.1 Graphene nanoribbons and carbon nanotubes

Figure 5.2 shows the photoconductivity ∆σ of the two GNR samples scaled to

the absorbed photon density N , as a function of pump-probe delay (Figure 5.2

(a,c)) or probe frequency (Figure 5.2 (b,d)). The frequency-resolved complex-

valued conductivity spectra were measured at a pump delay corresponding to

the highest value of the conductivities in Figure 5.2 (a,c). The conductivity ex-

periments on GNRs dispersed in TCB were performed at six different absorbed

excitation intensities between 1.2 · 1018 photons/m2 and 1.3 · 1019 photons/m2,

Figure 5.3. The GNRs in dispersion show a positive real and negative imaginary

conductivity rising just after excitation, and then decaying with a characteristic

exponential lifetime of 1–2 ps (Figure 5.3 (a,b)), the real part decaying slightly

faster than the imaginary part. An additional slower decay component is appar-

ent at later times, particularly for the imaginary conductivity. As the initial pho-

toconductivity decays, the magnitude of the imaginary conductivity increases

relative to the real conductivity. Purely imaginary conductivity is evidence of

the presence of a restoring force in the electron motion, which indicates bound

charges in the form of excitons [49], section 2.4.3. Hence the observation of large

initial real conductivity and the subsequent relative increase in imaginary con-

ductivity is consistent with initial excitation of free carriers which quickly form

excitons on timescales close to 1 ps. This behavior is very similar to previous

observations in organic semiconducting polymers such as polythiophene (P3HT)

[71, 72] and poly-phenylenevinylene (PPV) [78, 79, 187] derivatives. Efficient
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Figure 5.2. THz photoconductivity of GNRs dispersed in 1,2,4-trichlorobenzene

(a,b), or dropcast on fused silica (c,d), excited by 3.10 eV pulses with a sheet excita-

tion density of 1.3 · 1019 photons/m2 for the dispersion, and of 2.1 · 1018 photons/m2

for the film. The conductivity is scaled to the density N of absorbed photons. Graphs

(a) and (c) show pump-probe delay scans of the frequency averaged conductivity, and

graphs (b) and (d) show the complex frequency-resolved conductivity measured just

after excitation, at the pump-probe delay corresponding to the peak of the photo-

conductivity. The peak magnitudes in plots (a) and (c) are scaled to the frequency

averaged conductivities of plots (b) and (d) respectively. Lines in (b) and (d) show

Drude-Smith fits explained in the main text.
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Figure 5.3. Complex THz photoconductivity of GNRs in TCB dispersion excited

by 3.10 eV photons at absorbed densities ranging from 1.2 · 1018 photons/m2 to 1.3 ·
1019 photons/m2. (a) Real and imaginary parts of the photoconductivity recorded on

the THz peak and at the zero crossing after the peak respectively, versus pump-probe

delay. (b) Exponential decay time of the conductivity traces in (a) from exponential

fits plotted versus sheet excitation density. (c) Frequency resolved photoconductivities

measured 300 fs after photoexcitation, fitted to the Drude-Smith model with τ s = 30 fs

and c = −0.92. (d) Square of plasma frequency found from the Drude-Smith fits versus

sheet excitation density. The peak magnitudes in plot (a) are scaled to the frequency

averaged conductivities of plot (c).
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exciton formation typically occurs in systems with strong quantum confinement

[188] and weak screening [79] (ϵ = 2.24 for TCB), which both lead to an in-

crease in exciton binding energy. We see that the decay times in Figure 5.3 (b),

most notably for the real conductivity, decrease a bit with increasing excitation

density, which might be an indication of non-geminate exciton formation.

In the frequency-resolved conductivity spectra of the GNRs in dispersion,

Figure 5.2 (b), positive real- and negative imaginary conductivity is observed,

both increasing in magnitude with probe frequency. A similar spectral shape

was observed at all pump intensities, as seen in Figure 5.3 (c). This behavior is

qualitatively similar to results obtained on semiconducting polymers [71, 72, 78,

79], and has been interpreted as a signature of essentially free charge carriers

generated on short timescales. Comparing the conductivity magnitude scaled to

the excitation density to that reported for poly(2-methoxy-5-(2-ethyl-hexyloxy)-

p-phenylene vinylene) (MEH-PPV) [79], we find that the magnitude of the

conductivity is almost an order of magnitude larger for the GNRs in TCB

compared to MEH-PPV in solution. For MEH-PPV it was shown that the

charge carrier mobility is limited by torsional and conjugation irregularities

along the polymer backbone [79]. Thus the larger photoconductive response

of GNRs is likely the result of the relatively rigid structure of the GNRs as

compared to MEH-PPV, causing less torsional and conjugation irregularities as

compared to a polymer backbone. Fitting the frequency resolved conductivity

data in Figure 5.3 (c) to the Drude-Smith model (2.17), discussed below, we can

extract the plasma frequency ωp. The square of ωp is proportional to the density

of excited carriers (see equation (2.15)), and is plotted versus the absorbed sheet

excitation density in Figure 5.3 (d). We see that the excited carrier density scales

linearly with excitation density, deviating only slightly at the highest fluences.

For the dropcast GNR film in Figure 5.2 (c) and (d), the pump-delay depen-

dent real-valued conductivity decays faster than for GNRs in dispersion with a

characteristic lifetime of 0.6 ps. Yet another difference from the results on the

GNR dispersion is that the complex conductivity spectrum (see Figure 5.2 (d))

is predominantly real-valued. This suggests that also in the film the short-time

photoconductivity stems mainly from free carriers without substantial localiza-

tion. We note here that morphological inhomogeneities in the dropcast film give

rise to spatially varying absorbance and therefore uncertainty in magnitude of

the scaled conductivities through the independently measured value of N .

Figure 5.4 shows the results of optical pump-THz probe spectroscopy on the

second type of graphene nanostructures investigated in this work, the CNTs.

Similar to GNRs, measurements were performed on dispersed CNTs, in this case
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Figure 5.4. THz photoconductivity of CNTs separated in gel (a) and (b), and film

of agglomerated CNTs (c) and (d) excited by 1.55 eV pulses with a sheet excitation

density of 2.2 · 1017 photons/m2, scaled to absorbed photon density N . (a) and (c)

show pump-probe delay scans of the frequency-averaged real conductivity, and (b)

and (d) show the complex probe frequency resolved conductivity measured just after

photoexcitation, where the photoconductivity is highest. The peak magnitudes in

plots (a) and (c) are scaled to the frequency averaged conductivities of plots (b) and

(d) respectively. Lines in (b) and (d) show Drude-Smith fits. All measurements on

CNTs were performed by Ronald Ulbricht.
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in a gel matrix, and on CNTs in a dropcast film. In both cases the decay of

the real conductivity with pump-probe delay revealed a lifetime close to 1.7 ps

(Figure 5.4 (a,c)). Quantitatively, the CNT conductivities normalized to the

pump intensity are at least one order of magnitude larger than for GNRs. Even

higher values for the scaled conductivity were observed when going to lower

excitation intensities or higher pump energies (data not shown). Qualitatively,

the spectral shape of the frequency-resolved complex conductivities are similar

for both CNT samples studied, but distinctly different from that of GNRs. Par-

ticularly, the imaginary component is negative at low frequencies, but becomes

positive at frequencies higher than ∼1 THz. At the same zero-crossing frequency

of 1 THz, the real conductivity peaks for the gel-dispersed sample. A similar

photoconductive behavior has previously been observed by Beard et al. on an

agglomerated film of mainly semiconducting CNTs [181] and by Xu et al. [182]

for isolated CNTs. Beard et al. [181] attributed the behavior to a combination

of quasi-free charge carriers and charge carriers bound in excitons. Xu et al.

[182] interpreted the response as purely excitonic. However, it has been shown

[185] that the energy spacing between the ground state and the first excited

state of the exciton for a (6,5) single wall CNT is 310 meV, corresponding to

75 THz, far outside the frequency window of our THz spectroscopy experiment.

Additionally, the characteristic decay time of 1.7 ps for the real conductivity in

both our CNT samples is considerably lower than the photoluminescence life-

times of 9–15 ps reported for the first excitonic state in colloidally suspended

(6,5) CNTs [184]. We therefore expect the THz-range photo-induced conduc-

tivity of CNTs immediately after excitation to be dominated by free carriers

rather than excitons, similar to the behavior of GNRs observed here and of

semiconducting polymers reported elsewhere.

We proceed with describing the observed responses of both GNRs and CNTs

with a model that has successfully been used to describe complex conductivi-

ties in semiconducting polymers [71, 72]. This is the Drude-Smith (DS) model,

describing the conductivity of free carriers in a medium with preferential charge

carrier backscattering, see section 2.4.2. The parameters extracted from fitting

the complex frequency resolved conductivity data for the GNRs and the CNTs

to the DS model is shown in table 5.1. An important point should be made

here: in THz photoconductivity measurements on 1D structures, only the com-

ponent of the electronic transport along the linearly polarized THz probe field

is probed. As the spatial orientation of the 1D graphene nanostructures in these

measurements is random, one is always probing the spatial-orientation-averaged

conductivity of the whole ensemble of the GNRs or CNTs. In appendix 5.A we
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present a geometrical interpretation of the backscattering c parameter in (2.17)

based on scattering at the boundaries of the 1-dimensional conductors. Assum-

ing c = −1 for the components of the conductors perpendicular to the THz

probe field polarization, and c = 0 for the components perfectly parallel to the

THz field, an ensemble-average value of c can be calculated to be −π/4 ≈ −0.79

for 1D conductors oriented randomly in 3 dimensions (relevant for the dispersed

GNRs or CNTs samples), and −2/π ≈ −0.64 for conductors oriented randomly

in a 2-dimensional plane containing the THz polarization (at least partially rel-

evant for GNRs or CNTs in dropcast films). As will be shown below, the c

values extracted from our measurements are fairly close to these values, which

are simply dictated by the (random) orientation of tubes and ribbons in the

experiment. The key parameter of the DS model, describing the intrinsic con-

ductivity of the GNRs and CNTs, is the carrier momentum scattering time τ s,

which determines the carrier mobility. For the GNRs and CNTs measured in

this work, the Drude-Smith model is valid only when the conductivity is probed

on length scales shorter than the actual length of the nanostructure, so that the

effects of the ends of the conducting molecules can be neglected. This condition

is met by the high, terahertz-range probe frequencies used in our experiments.

Similar results to those shown in Figure 5.2 were obtained for 40 nm long GNRs

(data not shown), indicating that the longitudinal confinement has a negligible

influence on the THz conductivity.

Table 5.1. Fit parameters from the probe frequency dependent GNR data and CNT

data fitted to the Drude-Smith model, equation (2.17).

c (fs) τ s (fs) QY (%)

GNR dispersion -0.92 ± 0.01 30 ± 3 3 ± 1

GNR film -0.79 ± 0.07 35 ± 20 4 ± 3

CNTs in gel -0.90 ± 0.02 170 ± 50 15 ± 10

CNT film -0.72 ± 0.05 150 ± 15 27 ± 10

An effective mass of 1.7 me was assumed for carriers in GNRs [71, 72] and 1.0 me

for carriers in CNTs [181]. Data was measured at various excitation densities.

In the case of the GNR film, two separate films made from the same GNRs were

prepared and measured, and in the case of the CNTs, two excitation photon

energies, 1.55 eV and 3.10 eV, were used. The numbers provided are average

values and standard deviations.

By fitting the frequency resolved conductivities of the GNRs (Figure 5.2
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(b,d)) to equation (2.17), the c parameters were found to be −0.92 for the

GNRs in dispersion and −0.79 for the GNR film (Table 5.1), in reasonable

agreement with the c values predicted in appendix 5.A for randomly-oriented

one-dimensional Drude conductors in, 3 and 2 dimensions respectively. We ob-

tain a mean carrier momentum scattering time of τ s = 30 fs for the dispersed

GNRs measured at various excitation densities, and τ s = 35 fs for two separately

prepared GNR films excited with 2.1·1018 photons/m2 and 3.5·1018 photons/m2

respectively, see Table 5.1. These values are very similar to the values of 30–43

fs obtained for a film of regioregular poly(3-hexylthiophene) (P3HT) by Cun-

ningham et al [72]. From the DS fits we could extract the plasma frequencies,

and assuming a free carrier effective mass of 1.7 me [71, 72], the density of

excited carriers N ex could be determined. Comparing the carrier density N ex

to the density of absorbed photons N , a Quantum Yield (QY) of free carrier

excitation of roughly 4 % is found for both the GNRs in dispersion and the

GNRs in the dropcast films. These results are consistent with previous reports

of optical pump-THz probe measurements on films of the conducting polymer

P3HT [71, 72]. We note that our frequency-dependent conductivity data for the

GNRs cannot be adequately fitted with a Lorentzian model, describing the elec-

tronic transition in a bound complex, such as a 1s-2p intra-excitonic transition

[75], section 2.4.3.

As seen in Figure 5.2 (b,d) and Table 5.1, the DS model also describes the

photoconductive response of the CNTs very well. Since the GNRs of dimen-

sions similar to the CNTs studied here show free charge carrier behavior right

after photoexcitation, and given the agreement of the CNT data with the DS

model, we conclude that the dominant photogenerated species in the CNTs right

after photoexcitation are free carriers experiencing preferential backscattering

as described by the Drude-Smith model, with the parameters summarized in

Table 5.1.

It should be noted that, even though free charge carriers were found to

dominate the photoconductive response of both GNRs and CNTs, this does not

mean that these are the only species present right after excitation. Specifically,

excitons are expected to be generated as well. Excitons do not contribute to

the real conductivity in the probed spectral range, but can contribute by a

small amount to the imaginary part of the conductivity [49] and as such may

contribute to slight deviations between the data and the Drude-Smith fits seen

in Figure 5.2.

Since the Drude-Smith model is found to adequately describe the frequency-

resolved photoconductivity of both GNRs and CNTs, we can now compare
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the model parameters for both types of graphene nanostructures. We find c

values of −0.90 for the CNTs suspended in gel and −0.72 for the film, again

in reasonable agreement with the predicted c values and the values obtained

for the GNRs. Interestingly, we find a significantly longer electron momentum

scattering time for the CNT samples (∼160 fs) than for the GNRs (∼30 fs). This

is consistent with previous theoretical efforts on GNRs and CNTs taking into

account the band structures and the effects of phonon scattering [189]. Indeed,

in the work [189] it was predicted that the mobility in CNTs is larger than

for CNRs for a given bandgap, and that the mobility increases with decreasing

bandgap. As the (6,5) tubes studied here have a bandgap of roughly 1.3 eV,

i.e. lower than the 1.88 eV bandgap of the GNRs, it is to be expected that the

mobilities in the CNT system are higher than for the GNRs. For a dispersion or

a dropcast layer of GNRs, bends and kinks will be present in the GNRs, leading

to increased electron backscattering along the nanoribbon. The significantly

more rigid structure of the CNTs is expected to reduce this effect, explaining

the longer carrier electron momentum scattering times in CNTs as compared

to GNRs. Additionally, as the GNR edges are terminated with flexible alkyl

chains, see Figure 5.1 (a), coupling to vibrational modes of these chains may also

contribute to the observed enhanced momentum scattering for carrier motion

along the GNR.

5.3.2 Excitons at long delays

As shown above, the characteristic complex conductivity observed shortly after

photoexcitation in 1-dimensional graphene structures is caused by the initial

generation of (quasi) free charge carriers. This is particularly evident from the

large real components of the observed conductivities, signifying mobile carriers.

The decay in the real conductivity with pump delay is interpreted as evidence

that the free carriers get bound in excitons within a few ps [78, 79]. To verify

this, we measured the frequency resolved complex photoconductivity of the

GNRs in dispersion at increasing delay times, see Figure 5.5.

When increasing the delay after excitation we observe a decrease in the real

part of the conductivity, showing a reduction in the number of mobile, free

charge carriers (Figure 5.5 (a)), and after 10 ps pump delay the conductivity

is mainly imaginary(Figure 5.5 (b)). The vanishing real conductivity and the

negative imaginary conductivity increasing in magnitude linearly with frequency

is similar to that predicted in section 2.4.3 for electron-hole pairs bound in

excitons in organic systems.

For comparison, Figure 5.6 (a) shows a system which is similar to the
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Figure 5.5. (a) Complex photoconductivity of nanoribbons scaled to excitation den-

sity measured at a pump delay corresponding to the peak in the pump-probe scan

(0 ps), and at increasing pump delays up to 4.5 ps. (b) Photoconductivity spectrum

recorded 10 ps after the peak.

nanoribbons shown in Figure 5.1 (a), but only 2 nm in length. Here the photoex-

cited charge carriers are physically confined in all dimensions, and the frequency

resolved photoconductivity (Figure 5.6 (b)) is very similar to that seen in the

longer ribbons at long pump-probe delays where the charge carriers are bound

by coulombic forces.

These measurements thus show that to drive photocurrent in e.g. a photo-

voltaic device containing GNRs, exciton dissociation is required. This is analo-

gous to semiconducting polymers which are employed in excitonic solar cells, see

section 1.2. Exciton dissociation is typically achieved by blending with strong

electron acceptors such as fullerene derivatives like PCBM.

5.4 Conclusions

Although the complex-valued THz photoconductivity spectra of GNRs and

CNTs appear to be different both in shape and magnitude, all observations made

here can be explained by the same mechanism. The response of GNRs clearly

resembles the conductivity of free charge carriers with preferential backscat-

tering, as described by the Drude-Smith model, equation (2.17) section 2.4.2;

very similar to semiconducting polymers [71, 72]. The photoconductivity of

CNTs can be described by the same model as the GNRs, indicating free carri-

ers in the CNTs as well, but using a longer electron scattering time (and hence

higher electron mobility), which indicates less electron scattering events. We

believe that the latter originates from both differences in band structure and
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Figure 5.6. (a) Chemical structure of graphene molecule where carriers are physically

confined in all dimensions. (b) Complex frequency resolve photoconductivity of the

confined molecule, bearing great resemblance to the excitons in longer GNRs at long

pump delays (Figure 5.5) and the shape predicted by the Lorentz model for electron-

hole pairs bound with high binding energy (section 2.4.3). A fit to the Lorentz model

is shown in the figure.

carrier-phonon interactions, as well as the larger structural rigidity of a CNT

as compared to a GNR, which minimizes the influence of bending and/or tor-

sional defects on electron transport along the long dimension of the conductor.

The presence of free photoexcited carriers in CNTs and GNRs, as opposed to

neutrally-charged excitons, is a positive result for applications in carbon and

hybrid nanoelectronics [121]. Our findings of longer scattering times and higher

free carrier generation quantum efficiency in CNTs as compared to GNRs sug-

gest that CNT-based (opto)-electronic devices will likely be more efficient than

GNR-based ones.

On longer timescales the charge carriers exist as excitons, so in order to

extract the photogenerated carriers, for instance in a photovoltaic cell, it would

be necessary to split the excitons. For this purpose an efficient electron acceptor

such as PCBM could be employed in a geometry similar to that described in

section 1.2.

5.A Appendix: Directionally averaged backscat-

tering parameter

The c parameter in the Drude-Smith model denotes the persistence of momen-

tum in a scattering event such that c = 0 describes fully momentum randomizing
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Figure 5.7. one-dimensional conductor and THz field in spherical coordinate system.

scattering, and c = −1 describes complete backscattering. We let the polariza-

tion of the THz probe field be parallel to the polar axis in a spherical coordinate

system and consider an infinitely long straight one-dimensional conductor with

arbitrary orientation characterized by polar angle θ and azimuthal angle ϕ, see

Figure 5.7. Taking the component parallel to the THz field to yield c = 0, and

the perpendicular component to yield c = −1, we get the c value for a single

conductor

C = − sin θ (5.1)

(for 0 < θ < π)

In 3 dimensions the directionally averaged c value can now be found by inte-

grating over all directions and dividing out the angles, utilizing the differential

solid angle dΩ = sin θ dθ dϕ:

c =

∫
CdΩ∫
dΩ

=

∫ π

0
(− sin θ) · sin θdθ

∫ 2π

0
dθ∫ π

0
sin θdθ

∫ 2π

0
dθ

= −π

4
(5.2)

For a conductors in a 2 dimensional plane which contains the THz polariza-

tion direction we simply integrate over the angle θ.

c =

∫ π

0
− sin θdθ∫ π

0
dθ

= − 2

π
. (5.3)
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6 Depolarization fields in

colloidal TiO2 films

6.1 Introduction

Titanium dioxide (TiO2) is a wide bandgap semiconductor commonly used in

photovoltaics [85, 190] where it can be sensitized by optically active molecu-

lar dyes [31, 34] or semiconductor quantum dots [191, 192], see section 1.3.

TiO2 also finds applications in photocatalysis [193, 194], for instance for photo-

splitting of water [195]. Porous films with large surface area made from TiO2

nanoparticles are often employed for these purposes, and the electronic trans-

port properties of such films are therefore of great importance. Despite their

technological importance, the electron transport mechanisms in films composed

of connected particles have remained poorly understood. For example, the room

temperature dc mobility in porous TiO2 (∼ 7 · 10−6cm2/Vs) [196] is many or-

ders of magnitude smaller than the mobility of the bulk material (∼ 1 cm2/Vs)

[197].

In order to investigate the interplay between the local conductive properties

of the bulk TiO2 material and the morphology of particle films, we employ time-

resolved Terahertz (THz) spectroscopy, chapter 2. We investigate two colloidal

TiO2 films composed of submicron-sized (150 – 250 nm), and nanometer-sized

(15 – 20 nm) particles respectively. Measuring the THz photoconductivity with

two significantly different particle sizes allows us to draw conclusions about

the relation between the effective response of the particle film and the local

photoconductivity of the particles.

In bulk TiO2 the photoconductivity follows the predictions of the common

Drude model for free charges undergoing momentum randomizing scattering

[197]. To describe the strongly non-Drude response observed in nanoparticle

films, preferential carrier backscattering at grain boundaries has frequently been

included via the Drude-Smith (DS) model [74, 81, 83], section 2.4.2. In TiO2,

however, the relatively small room temperature charge carrier mean free path

(∼1 nm) [82] suggests that only a small fraction of the total carrier scattering

85
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events will occur from surfaces, even for films of nanoparticles [84]. This calls for

an alternative explanation for the significantly different conductivities observed

in bulk and porous TiO2: the effect of depolarization fields introduced in sec-

tion 2.4.4. It has been shown [82] that the applied THz probe field is screened

because of the contrast in electric permittivity between the oxide particles and

the surrounding medium, and by the photoinduced free carriers inducing dipoles

in the highly polarizable TiO2 particles. This leads to a non-trivial relationship

between the measured macroscopic conductivity and the local conductivity of

charge carriers in the particles, as the level of field screening depends on both

probe frequency and photoinduced conductivity through the change in permit-

tivity, as well as the film morphology. Note that the influence of local fields is

a purely electromagnetic effect which acts in addition to potential preferential

backscattering of charge carriers, if present [85]. The applicability of the two

alternative models is under debate: Both carrier backscattering and depolariza-

tion fields have previously been employed to explain results from various films

of TiO2 nanoparticles [81, 82, 84].

Here we demonstrate experimentally, using different samples, that the char-

acteristic photoconductive response is caused by depolarization fields rather

than scattering at particle boundaries. We compare our data with a model

based on the effective medium theory. The comparison between numerical mod-

eling and measured spectra confirms that depolarization fields are the cause of

the observed response, and allows us to conclude that the TiO2 films studied

have rather complex percolation pathways, responsible for long range charge

transport within the films.

6.2 Samples

Two different films made from different commercial pastes of TiO2 particles were

investigated. One was prepared from the Solaronix Ti-Nanoxide T paste which

contains particles with diameter 15 – 20 nm (referred to as nanoparticles), the

other from Dyesol TiO2 paste WER2-O with particle sizes in the range 150 –

250 nm (referred to as microparticles). The pastes were doctorbladed onto a

sandblasted fused silica substrate, dried for 30 min at 115◦C, and finally sintered

for 1 hr at 500◦C. SEM images of the films are shown in Figure 6.1. Both

films consist of the anatase crystal form as confirmed by Raman spectroscopy.

Anatase TiO2 has a bandgap of ∼3.3 eV [193], meaning that charge carriers can

be directly excited by 4.66 eV pulses.
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(a)

200 nm

(b)

100 nm

Figure 6.1. SEM images of the TiO2 films: Microparticles (a) and nanoparticles (b).

Notice the different scale bars

6.3 Results and discussion

6.3.1 Photoinduced conductivity

Figure 6.2 shows the THz frequency resolved complex photoconductivity nor-

malized to incident excitation photon flux for the microparticle film (a) and the

nanoparticle film (b), measured 4 ps after photoexcitation. In agreement with

previous works [81, 82, 84], we find that the effective photoconductive response

of nanoporous TiO2 films qualitatively differs from the response of bulk in that

the photoconductivity exhibits a real component which increases with increasing

frequency, and a negative imaginary component. The nature of these features,

and thus how to relate the effective photoresponse to the local response of the

particles, is still a subject of debate [42, 85].

At this point we can, without further analysis, exclude backscattering at the

particle boundaries as the main cause of the shape of the conductivity spectra:

The spectra of photoconductivities ∆σeff(ω) are almost identical for films of

nanoparticles and films of microparticles, whereas boundary effects would lead

to considerably different conductivity spectra in particles with different sizes

[84]. This finding is also consistent with the fact that the carrier mean free

path of ∼ 1 nm inferred from bulk measurements [197] is much smaller than the

particle radii for both films as mentioned above. Further, a distinct change in

the frequency dependence of the conductivity as the photon flux is increased is

evident from Figure 6.2. This is particularly noticeable in the imaginary compo-
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Figure 6.2. Frequency dependent effective photoconductivity normalized by the pho-

ton density recorded at a pump-probe delay of 4 ps in the microparticle film (a) and

the nanoparticle film (b) at a number of photon fluxes. Filled symbols show the real

part, and open symbols show the imaginary part.

nent of the conductivity, which is positive at high frequencies for low excitation

powers, but negative over the entire probe spectrum for the highest excitation

powers. Note that the employed excitation powers are not high enough to in-

duce significant carrier-carrier scattering [100]. At this point it is also important

to note that most linear models that describe the effects of backscattering on

the microscopic conductivity, such as the Drude-Smith (section 2.4.2), exhibit

conductivities that simply scale with carrier density, in which case ∆σ(ω)/N

should be independent of N . This is in contrast to our findings. These consid-

erations provide evidence that the observed intensity dependence is caused by

depolarization fields, which are carrier density dependent [82].

Figure 6.3 (a) shows the magnitude of the pump induced THz absorption

∆T/T versus pump-probe delay for a number of fluences measured on the

nanoparticle sample. Figure 6.3 (b) shows the same pump-probe data nor-

malized to the peak amplitude just after excitation. Here it is clear that the

dynamics are independent of excitation density. A similar behavior was observed

for the microparticles. Given the diffusion coefficient ofD = 0.025 cm2/s [82] for

bulk (rutile) TiO2, we can estimate the carrier diffusion length using d =
√
πDτ

[70] to be ∼50 nm within a time of τ = 300 ps. Our measurements suggest that

particle boundaries play a small role in the decay of the THz conductivity.

Below we employ the effective medium formalism to account for the effects

of depolarization fields. We show that by comparing the effective photoinduced
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Figure 6.3. (a) Magnitude of pump induced THz absorption (∆T/T recorded on the

THz peak) vs. pump-probe delay for nanoparticles at various excitation densities. (b)

shows the same data normalized to the peak amplitude.

permittivity changes (∆ϵeff) measured in our THz experiments to predictions

from a numerical model, one can gain insight into the microscopic morphology

of the films.

6.3.2 Effective medium and photoinduced permittivity

Since we deal with particles much smaller than the probing wavelength, we

account for the depolarization fields via the effective medium formalism, sec-

tion 2.4.4. Here the permittivity change in the composite film consisting of

oxide particles and the surrounding medium is described by a single effective

permittivity ϵeff which is experimentally accessible. ϵeff is related to the local

permittivity ϵloc of the TiO2 particles through the nature of the morphology of

the film, for instance percolated versus non-percolated. However, a scaling of

the entire structure to larger or smaller dimensions will not affect the relation-

ship between ϵeff and ϵloc as long as the particles are much smaller than the

probing wavelength. ϵeff can be calculated from ϵloc analytically only in very

specific cases: for example, the Maxwell-Garnett model describes sparse spher-

ical particles separated in a non-conducting matrix [198]. However, numerical

calculations are generally required to characterize more complex morphologies.

In many situations, we are asking the inverse question: can we gain infor-

mation on the morphology from the measured response? This question can

be addressed when it is possible to measure the effective permittivity ϵeff as a

function of the local particle permittivity ϵloc, since the morphology uniquely

defines the mapping ϵloc → ϵeff in the effective medium theory.
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Here we take advantage of the possibility to control the local photoconduc-

tivity ∆σloc by varying the excitation photon density.

A total local permittivity ϵloc = ϵloc,0+∆ϵloc (where ϵloc,0 is the permittivity

of the unexcited material and ∆ϵloc = i∆σloc/(ωϵ0) is the permittivity induced

by the photoexcitation) leads to an effective permittivity ϵeff = ϵeff,0 + ∆ϵeff ,

where ϵeff,0 is the permittivity of the unexcited film and ∆ϵeff = i∆σeff/(ωϵ0) is

the photoinduced effective permittivity which is experimentally accessible. For

bulk TiO2 at room temperature, the local photoconductivity follows the Drude

model (eq. (2.14)) with a very short scattering time [197], which can be very

well approximated by a real frequency-independent value ∆σloc ≈ Neµ, where

the electron mobility µ ≈ eτ/m∗ is assumed to be constant. Accordingly, the

photoinduced local permittivity

∆ϵloc = iNeµ/(ωϵ0) (6.1)

is purely imaginary, and is controlled solely by the ratio N/ω. Therefore, if

we simultaneously increase the excitation photon density and the frequency,

keeping N/ω constant, ∆ϵloc should remain the same. Consequently, since ϵloc

and ϵeff are related only through the morphology of the film, the same photoin-

duced effective permittivity, ∆ϵeff should be observed. In order to verify this

prediction we plot in Figure 6.4 the measured THz photoresponse data from

Figure 6.2 expressed as ∆ϵeff , versus the ratio N/ν where ν = ω/2π. Indeed,

we see that the imaginary parts measured for various excitation densities over-

lap with each other to form a single curve (similar ∆ϵeff values are obtained

for similar values of N/ν). This lends further support to the conclusion that

the response is primarily and predominantly determined by depolarization fields

(other processes such as carrier-carrier scattering should not depend solely on

the ratio N/ω). The agreement between the data traces of the real part of ∆ϵeff

appears to be worse. While the absolute errors in the real and imaginary parts

are comparable, they seem more pronounced for the real part in the log-log plot,

since the real part is considerably smaller than the imaginary part. Moreover,

in the Drude response we neglected the imaginary part of ∆σloc which gives the

real part of ∆ϵloc: its inclusion is expected to affect the real part of ∆ϵeff more

than the imaginary part.

The black lines in Figure 6.4 (a) and (b) show the result of a numerical

model simulating the relation ∆ϵeff(Im∆ϵloc) for the 2-dimensional model sys-

tem shown in Figure 6.4 (c) (neglecting the real part of ∆ϵloc following the dis-

cussion above). Simulations were performed by Hynek Němec and Ivan Rychet-

ský, and are described in more detail in [199]. A system of particles and voids
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Figure 6.4. Effective photoinduced permittivity ∆ϵeff for microparticles (a) and

nanoparticles (b) calculated from the conductivity data shown in Figure 6.2, as a

function of inverse probe frequency times excitation density. Lines in (a) and (b) show

the calculated effective response of the structure in (c) plotted versus the imaginary

part of the local photoinduced permittivity ∆ϵloc. Simulations performed by Hynek

Němec and Ivan Rychetský [199].

with a single complex percolation path was found to describe the observed be-

havior well (Figure 6.4 (c)). This structure gives an idea about how the particles

in the colloidal oxide film are connected, but should not be interpreted as an ex-

act reconstruction of the actual film. What we can conclude based on the data

is that the particles are largely separated by voids, but percolation pathways

exist through the film. Qualitatively similar results to the simulations shown in

Figure 6.4 are also expected in 3-dimensional structures. The important factor

determining the response is the presence or absence of a percolation path in the

direction of the applied electric field [199]. 3-dimensional calculations would,

however, require a lot more computer power.
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The morphology of the film in Figure 6.4 allows for long-range transport,

which is necessary for applications that rely on high surface to volume ratios

combined with efficient electron harvesting, such as dye-sensitized solar cells [31,

34]. The carrier mobility µ in (6.1) was estimated so as to get the best agreement

between the simulated dependence and the measured data. We found a value of

20 cm2V−1s−1, comparable to the value ∼ 1 cm2V−1s−1 found in a bulk rutile

TiO2 sample [197]. It should be noted that the mobility µ deduced from the

numerical model is only an approximate value as it is extracted from a simplified

model. The model reproduces the trend of the photoinduced permittivity data

shown in Figure 6.4 (a) and (b), and allows us to draw conclusions about the

percolation of the film, but does not describe the film morphology in detail. As

will be shown in the next section, adsorption of atmospheric water in the oxide

film has an influence on the magnitude of the effective permittivity, which was

not included in the analysis above.

6.3.3 The effect of atmospheric water

The observation that depolarization fields dominate the effective photoresponse

of TiO2 particle films has interesting implications. One particular feature of

depolarization effects is that they are very sensitive to the polarizability of the

environment surrounding the photoconducting particles. Figure 6.5 (a) shows

the change in effective photoinduced permittivity measured on the nanoparti-

cle TiO2 film upon changing the environment from ambient air to vacuum. A

decrease in ∆ϵeff is observed, particularly in the real component, of a factor

of ∼ 2. We ascribe this decrease to a reduction of the field screening as the

environment surrounding the particles is changed. In ambient air at room tem-

perature, water molecules efficiently adsorb to TiO2 surfaces [193], and can be

(partially) removed when going to vacuum. Since water has a larger permittiv-

ity than air (ϵH2O ≈ 4 at 1 THz [200], ϵair = 1), water will cause the permittivity

contrast between the particles and their surroundings to be smaller. The pres-

ence of water thus leads to smaller depolarization effects and a larger effective

photoinduced permittivity.

In order to compare this effect with the predictions of the numerical model

presented above, the effective photoinduced permittivity of the model system

shown in Figure 6.4 (c) was calculated while varying the permittivity of the

surrounding matrix (ϵm). In order to simulate the effect of increased per-

colation, connecting regions were also introduced between adjacent particles

(see Figure 6.5 (c)) of permittivity ϵj. In Figure 6.5 (b) the blue curves

represent the situation where the voids between the particles are completely
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Figure 6.5. (a) Effective photoinduced permittivity measured with excitation photon

flux of 6.0 × 1017 m−2 on the nanoparticle TiO2 film in ambient air and in vacuum,

plotted versus inverse probe frequency times excitation density. The bottom axis

shows the corresponding change in imaginary microscopic permittivity calculated from

(6.1) assuming µ = 20 cm2V−1s−1. (b) Real (solid lines) and imaginary (dashed

lines) effective photoinduced permittivity as function of the imaginary part of the

microscopic permittivity calculated for varying degrees of water percolation. (c) Model

system used for permittivity calculations, same structure as that shown in Fig 6.4 (c)

with permittivity of surrounding medium ϵm and permittivity of connecting regions

ϵj. Simulations performed by Hynek Němec and Ivan Rychetský [199].

filled with water, the green curves correspond to roughly 33% water filling

(ϵm = 33% ϵH2O +67% ϵvac = 2) distributed evenly in the pores, the red curves

correspond to a small amount (∼ 15%) of water concentrated at the connect-

ing regions, and the black curves correspond to total absence of water. From

the data in Fig 6.5 (b) we conclude that if water is randomly distributed in

the isolating matrix, an unrealistically large water content is needed to increase

the effective permittivity significantly. However, the more physically relevant

picture of small amounts of water concentrated at the pores between close parti-
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cles can also qualitatively explain the magnitude of the experimentally observed

shift in permittivity shown in Figure 6.5 (a). Note that the real and imaginary

permittivities measured in vacuum, shown in figure 6.5 (a), do not cross, in ac-

cordance with the simulations. In [199] it is shown that the observed behavior

where the real and imaginary parts of ∆ϵeff approach each other, but do not

cross, is a signature response of a film of separated particles with few perco-

lation paths such as the suggested structure in Figure 6.4 (c). A film of well

percolated particles or a film of completely separated particles are expected to

show very different behaviors. The simulated magnitude of ∆ϵeff is larger than

the measured data by about a factor ∼ 2. This discrepancy can be expected

as this is a simulation of one model system with a particular morphology, and

as stated above, the goal is not to find the exact morphology that reproduces

the magnitudes. Similarly, even though the simulations presented above in Fig-

ure 6.4 were carried out without accounting for the effect of water in ambient

air, the conclusions remain the same.

These observations lend further support to the conclusion that the observed

non Drude-like photoconductivity in colloidal films is related to the contrast

in permittivity of particles and the surrounding environment, which controls

the strength of the depolarization fields. Moreover, the sensitivity of the effec-

tive THz photoresponse to the permittivity of the environment offers possible

applications in fields such as gas sensing.

6.4 Conclusions

We have shown that the characteristic THz photoconductivity of anatase TiO2

nanoparticle films can be explained by depolarization fields caused by the con-

trast in permittivity between the conducting particles and the surrounding

medium without the need of correction for preferential carrier backscattering

at particle surfaces. Numerical calculations of the effective conductivity of a

model structure provides insight into the degree of percolation of the nanopar-

ticle films, confirming the presence of charge carrier pathways responsible for

the materials long range conductive properties. Finally, the microscopic electron

mobility in anatase TiO2 nanoparticles was estimated to be 20 cm2V−1s−1, in

agreement with bulk measurements.
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nandez, Xinliang Feng, Klaus Müllen, and David Beljonne. Graphene

Nanoribbons as Low Band Gap Donor Materials for Organic Photo-

voltaics: Quantum Chemical Aided Design. ACS Nano, 6(6):5539–5548,

2012.

[172] S. Linden, D. Zhong, A. Timmer, N. Aghdassi, J. H. Franke, H. Zhang,
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[191] A. Zaban, O. I. Mićić, B. A. Gregg, and A. J. Nozik. Photosensitization

of Nanoporous TiO 2 Electrodes with InP Quantum Dots. Langmuir,

14(12):3153–3156, 1998.

[192] István Robel, Vaidyanathan Subramanian, Masaru Kuno, and

Prashant V. Kamat. Quantum dot solar cells. harvesting light energy with

CdSe nanocrystals molecularly linked to mesoscopic TiO2 films. Journal

of the American Chemical Society, 128(7):2385–2393, February 2006.

[193] Amy L. Linsebigler, Guangquan Lu, and John T. Yates Jr. Photocatalysis

on TiO2 Surfaces: Principles, Mechanisms, and Selected Results. Chemi-

cal reviews, 95:735–758, 1995.



i
i

“Thesis” — 2014/1/6 — 14:47 — page 114 — #114 i
i

i
i

i
i

114 Bibliography 6.4

[194] Akira Fujishima, Tata N. Rao, and Donald A. Tryk. Titanium dioxide

photocatalysis. Journal of Photochemistry and Photobiology C: Photo-

chemistry Reviews, 1:1–21, 2000.

[195] Meng Ni, Michael K. H. Leung, Dennis Y. C. Leung, and K. Sumathy.

A review and recent developments in photocatalytic water-splitting us-

ing TiO2 for hydrogen production. Renewable and Sustainable Energy

Reviews, 11(3):401–425, April 2007.

[196] Th. Dittrich. Porous TiO2: electron transport and application to dye

sensitized injection solar cells. physica status solidi (a), 447:447–456, 2000.

[197] E. Hendry, F. Wang, J. Shan, T. Heinz, and M. Bonn. Electron transport

in TiO2 probed by THz time-domain spectroscopy. Physical Review B,

69(8):081101, February 2004.

[198] J. C. M. Garnett. Colours in Metal Glasses and in Metallic Films. Philo-

sophical Transactions of the Royal Society of London, 203:385–420, 1904.

[199] Søren A. Jensen, Klaas J. Tielrooij, Euan Hendry, Mischa Bonn, Ivan
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Summary

Solar energy is often mentioned as part of the solution to the worlds pressing

energy problems. The sun provides ample energy for covering the earth’s energy

needs. Still, solar energy represents only a vanishingly small percentage of the

worlds energy production. This is because of the high cost of photovoltaic (PV)

energy compared to other energy sources such as coal, oil and gas.

Most PV devices employed today are based on crystalline silicon. These de-

vices are expensive because costly cleaning procedures are necessary for produc-

ing PV grade silicon. Moreover, the energy conversion efficiency of conventional

PV devices is limited to a theoretical maximum of 33.7 %, the Shockley-Queisser

limit, due to energy loss mechanisms such as the absence of absorption of be-

low bandgap photons and thermalization and recombination of carriers excited

above the bandgap.

In this thesis the optical and electronic properties of potential alternative

PV materials are examined using THz time domain spectroscopy. With this

method, charge carriers are optically excited by an ultrashort laser pulse, and

subsequently probed by a freely propagating single-cycle electromagnetic field

oscillating at THz frequencies. At these frequencies the THz probe pulse is

particularly sensitive to the motion of free and weakly confined charge carriers.

Therefore optical pump - THz probe experiments can provide information on

the efficiency of photoexcitation, and on the THz frequency dependent mobility

of the photoexcited charge carriers.

In chapter 3 we examine the efficiency of Carrier Multiplication (CM) in

bulk indium nitride. Carrier multiplication is the process of generating multiple

electron-hole pairs from one absorbed photon. In this way, the excess energy of

high energy photons, initially exciting charge carriers high above the bandgap,

can be used to excite additional carriers across the bandgap. Thus, through

an increase of the photocurrent, CM can increase the energy conversion effi-

ciency of a photovoltaic device. InN possesses a number of properties making

it a promising material for achieving efficient solar energy conversion through

CM. Its bandgap of roughly 0.7 eV was shown to correspond to the highest

theoretical energy conversion efficiency of 44.4 %, assuming ideal CM behav-

ior. Additionally, InN possesses a favorable phononic band structure, meaning
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that competing losses through phonon emission are expected to be small; and

an asymmetric electronic band structure which causes the excess energy of an

absorbed photon to be preferentially transferred to the electron rather than the

hole, making it more likely to undergo CM. Notwithstanding these facts, we

find that while the CM onset occurs at relatively low photon energies in InN

(1.7 ± 0.2 eV) - corresponding to 2.7 ± 0.3 times its bandgap - the excitation

efficiency above the onset increases linearly with a very modest slope of only

∼13 %/Eg. Based on these numbers, the efficiency increase of an InN based

photovoltaic device owing to CM is limited to maximum 1 percentage point.

Similar small conversion efficiency gains due to CM are found for other semi-

conductor materials based on literature values. We conclude that, in the bulk

semiconductors studied to date, CM will only contribute to the efficiency of a

solar cell by a very small amount.

In chapter 4 we study the mechanism of energy transfer from an absorbed

photon into the electronic system in monolayer graphene deposited on a sup-

porting substrate. We find that photoexcitation of graphene samples causes a

decrease in the conductivity. This can be understood by noting that supported

graphene is intrinsically doped, meaning that there is an intrinsic conductivity

present which can be reduced by photoexcitation. We find that as a high energy

electron-hole pair is excited by an optical photon, the energy is quickly trans-

ferred to the dopant population. This process increases the mean temperature of

the carriers, which in turn causes a reduction in the overall conductivity. Indeed,

at high absorbed photon densities we observe a saturation of the photoconduc-

tivity consistent with a quenching in the conductivity of the dopant states. At

these high photon densities the pump induced THz transmission change ap-

proaches the total THz absorption of the unexcited sample, meaning that the

sample tends toward transparency to the THz probe as the conductivity of the

conducting carrier population is reduced. This observation strengthens the no-

tion that the negative photoconductivity in supported graphene does indeed

arise from a temperature induced change in the conductivity of the population

of intrinsic dopant carriers. We further prove this picture by controlling the

dopant concentration with an electronic back-gate and monitoring the THz re-

solved photoconductivity change. By optically exciting the sample with various

excitation densities and photon energies, we quantify the efficiency of energy

transfer from an absorbed photon to the electrons via the process of ‘multiple

hot carrier generation’. We find that the photoinduced conductivity change

per absorbed photon increases almost linearly with photon energy, indicating

very efficient energy transfer from the absorbed photons to the charge carriers.
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Comparing the measured data to a theoretical model, the efficiency of energy

transfer from an optically excited carrier into the intrinsic dopant carriers was

found to be on the order of 75 %. This high energy conversion efficiency is a pos-

itive result for graphene based optoelectronic applications. However, owing to

its vanishing bandgap, graphene is ill suited for a number of such applications.

A bandgap can be induced via quantum confinement by physically confin-

ing the graphene in one dimension. In chapter 5 we conduct a comparative

study of ultrafast photoconductivity in two different forms of semiconducting

one-dimensional (1D) quantum-confined graphene nanostructures: flat, struc-

turally well-defined semiconducting graphene nanoribbons (GNRs) fabricated

by a ’bottom-up’ chemical synthesis approach, and semiconducting carbon nan-

otubes (CNTs) with similar dimensions and a similar bandgap energy. We find

that, while the THz photoresponse seems very different for the two systems,

a single model of free carriers experiencing backscattering when moving along

the long axis of the CNTs or GNRs provides a quantitative description of both

sets of results. The model reveals significantly longer carrier scattering times

for CNTs (ca. 150 fs) than for GNRs (ca. 30 fs) and in turn higher carrier

mobilities. This difference can be explained by differences in band structures

and phonon scattering and the greater structural rigidity of CNTs as compared

to GNRs, minimizing the influence of bending and/or torsional defects on the

electron transport. At longer pump-probe delays (10 ps after excitation) we

observe a THz frequency resolved complex conductivity in the GNRs that indi-

cates localized charge carriers. Indeed, the response is found to be very similar

to that of a molecule of similar chemical composition to that of GNRs, but much

smaller in the length dimension so that charge carriers are physically confined

in all dimensions. The observation of localized or ’bound’ charge carriers in

GNRs 10 ps after excitation indicates that the photoexcitation in these systems

gives rise to the formation of excitons, which could potentially be extracted in

an organic donor-acceptor heterojunction solar cell.

In chapter 6 we study the charge transport in films consisting of sintered

TiO2 particles of very different sizes. TiO2 nanoparticle films are widely used

in photovoltaic and photocatalytic applications, and the nature of electrical

conductivity in such materials is therefore of both fundamental and practical

interest. The conductive properties of colloidal TiO2 films depend strongly on

their morphology and deviate greatly from the properties of the bulk mate-

rial. Remarkably, identical photoconductivity spectra are observed for films of

particles with diameters of tens of nm and hundreds of nm respectively. The

independence of photoconductivity on particle size demonstrates that the tera-
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hertz photoconductive response of colloidal TiO2 films is not affected by carrier

backscattering at particle boundaries as has previously been concluded, but

rather by depolarization fields resulting from the spatial inhomogeneities in the

dielectric function inherent to these types of films. Comparing the observed

spectral data to a model, we see that the observed photoconductivity spectra

reflect percolated pathways in the colloidal TiO2 nanoparticles films, through

which charge carrier diffusion can occur over macroscopic length scales. These

pathways give the material the long range conductive properties that are crucial

for device applications.
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Samenvatting

Zonne-energie wordt vaak genoemd als deel van de oplossing voor de wereldwijde

energieproblemen. De zon levert namelijk voldoende energie voor de dekking van

de energiebehoeften van de gehele aarde. Toch vertegenwoordigt zonne-energie

slechts een verwaarloosbaar klein percentage van de globale energieproductie.

Dit is te wijten aan de hoge kosten van fotovoltäısche (photovoltaic, PV)-energie

in vergelijking met andere energiebronnen, zoals kolen, olie en gas.

De meeste PV-apparaten die tegenwoordig worden gebruikt zijn gebaseerd

op kristallijn silicium. Deze apparaten zijn duur vanwege het kostbare reinig-

ingsproces dat nodig is voor de productie van geschikt silicium. Bovendien is het

rendement van conventionele PV-apparaten beperkt tot een theoretisch maxi-

mum van 33,7 %, de Shockley-Queisser limiet, door mechanismen van energiev-

erlies zoals het ontbreken van fotonabsorptie onder de bandgap en thermalisatie

en recombinatie van geëxciteerde dragers boven de bandgap.

In dit proefschrift zijn de optische en elektronische eigenschappen van poten-

tiële alternatieve PV-materialen onderzocht met behulp van terahertz (THz)-

spectrosco-pie in het tijddomein. Met deze methode worden ladingsdragers

optisch aangeslagen met een ultrakorte laserpuls en vervolgens onderzocht met

een zich vrij voortplantende enkele cyclus van een elektromagnetisch veld dat

oscilleert met een THz frequentie. Bij deze frequenties is de THz-puls bijzonder

gevoelig voor de beweging van vrije en zwak gebonden ladingsdragers. Daarom

kunnen optische pomp/THz-probe experimenten informatie bieden over de ef-

ficiëntie van de foto-excitatie, en over de THz-frequentie afhankelijke mobiliteit

van de geëxciteerde ladingsdragers.

In hoofdstuk 3 onderzoeken we de efficiëntie van ladingsdragerver-

menigvuldiging (carrier multiplication, CM) in bulk indium nitride (InN).

CM is het proces van het genereren van meerdere elektron-gat paren uit één

geabsorbeerd foton. Op deze manier kan de extra energie van hoogenergetische

fotonen, die aanvankelijk ladingsdragers ver boven de bandgap exciteerd, wor-

den gebruikt om extra dragers te genereren vlak boven de bandgap. Zo kan CM

door middel van een verhoging van de lichtopgewekte stroom het rendement

van een fotovoltäısch apparaat verbeteren. InN bezit eigenschappen die het

een veelbelovend materiaal maken voor het realiseren van efficiënte conversie
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van zonne-energie door CM. De bandgap van ongeveer 0,7 eV blijkt tot een

optimaal theoretisch energie-omzettingsrendement van 44,4 % te leiden bij

CM. Daarnaast bezit InN een gunstige fononische bandstructuur, waardoor te

verwachten is dat concurrerende verliezen door fononemissie klein zijn, en een

asymmetrische elektronische bandstructuur die zorgt dat de overtollige energie

van een geabsorbeerd foton eerder wordt overgedragen aan het elektron dan

aan het gat, waardoor CM eerder optreedt. Ondanks deze theoretische eigen-

schappen nemen we waar dat de excitatie-effici-ëntie in InN boven de CM-onset

lineair toeneemt met een zeer bescheiden helling van ∼13 %/Eg. Wel treedt de

onset al op bij relatief lage fotonenergieën (1,7 ± 0,2 eV) - wat overeenkomt

met 2,7 ± 0,3 keer zijn bandgap. Op basis van deze cijfers is de verhoging

dankzij CM van de efficiëntie van een op InN gebaseerd fotovoltäısch apparaat

beperkt tot maximaal slechts 1 procentpunt. Op basis van literatuurwaardes

kunnen vergelijkbaar kleine winstmarges in con-versie-efficiënties door CM

worden gevonden voor andere halfgeleidermaterialen. We concluderen dan ook

dat in de tot nu toe bestudeerde bulk halfgeleiders CM maar minimaal kan

bijdragen aan de efficiëntie van een zonnecel.

In hoofdstuk 4 bestuderen we het mechanisme van de energieoverdracht van-

uit een geabsorbeerd foton naar het elektronische systeem binnenin een enkele

atomaire laag grafeen aangebracht op een dragend substraat. We concluderen

dat foto-excitatie van grafeen een verlaging van de conductiviteit veroorzaakt.

Dit kan worden verklaard door op te merken dat ondersteund grafeen intrin-

siek is gedoteerd, wat betekent dat er een intrinsieke conductiviteit aanwezig

is die kan worden verminderd door foto-excitatie. We zien dat wanneer een

elekton/gat-paar met hoge energie wordt geëxciteerd door een optisch foton de

energie snel naar het doteringsmateriaal wordt doorgegeven. Dit proces ver-

hoogt de temperatuur van de dragers, wat een verlaging van de conductiviteit

ten gevolg heeft. Inderdaad zien we bij hoge dichtheden geabsorbeerde fotonen

een verzadiging van de foto-conductiviteit. Bij zulke hoge fotondichtheden is

de door de pomp veroorzaakte verandering in THz-transmissie in dezelfde orde

van grootte als de totale THz-absorptie van het ongeëxciteerde materiaal, wat

betekent dat het materiaal neigt naar transparantie voor de THz-probe naar-

mate de populatie van geleidende dragers uitgeput raakt. Deze waarneming

versterkt het idee dat de negatieve foto-conductiviteit in ondersteund grafeen

voortkomt uit een verandering in de conductiviteit van de intrinsieke energi-

etoestanden van het doteermiddel. We leveren verder bewijs door te laten zien

dat de THz-opgeloste foto-conductiviteit verandert wanneer de concentratie van

het doteringsmateriaal wordt beheerst met een elektronische ‘backgate’. Door
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het materiaal optisch te exciteren met verschillende excitatiedichtheden en fo-

tonenenergieën kwantificeren we de efficiëntie van energieoverdracht van een

geabsorbeerd foton naar de elektronen via de generatie van ‘meerdere hete lad-

ingsdragers’. De fotogëınduceerde verandering van de conductiviteit per geab-

sorbeerd foton blijkt bijna lineair toe te nemen met de fotonenergie, wat wijst

op een zeer efficiënte energieoverdracht van de geabsorbeerde fotonen aan de

ladingsdragers. Door deze data te vergelijken met een theoretisch model werd

gevonden dat de efficiëntie van de energieoverdracht in de orde van 75 % was.

Deze hoge energieconversie-efficiëntie is een positief signaal voor de realisatie van

grafeengebaseerde opto-elektronische toepassingen. Vanwege zijn verdwijnende

bandgap is grafeen echter voor een veel dergelijke toepassingen niet geschikt.

Een bandgap kan in grafeengebaseerde materialen worden gëınduceerd via

kwantumopsluiting, door de fysiek afmetingen van het grafeen tot één dimen-

sie te beperken. In hoofdstuk 5 omschrijven we een vergelijkende studie van

ultrasnelle foto-conductiviteit in twee verschillende vormen van halfgeleidende

eendimensionale (1D) kwantum-begrensde nanostructuren van grafeen: vlakke,

structureel goed gedefinieërde halfgeleidende nanolinten (graphene nanoribbons,

GNRs) gefabriceerd via een ‘bottom-up’ aanpak van chemische synthese, en

halfgeleidende koolstof nanobuisjes (carbon nanotubes, CNTs) met een vergeli-

jkbare bandgap. Hoewel de THz fotorespons heel verschillend lijkt voor deze

twee systemen vinden we dat beide sets resultaten kwantitatief kunnen worden

beschreven door hetzelfde model van vrije ladingsdragers die backscattering on-

dervinden bij het bewegen langs de lange as van de CNTs of GNRs. Dit model

onthult significant langere verstrooiingstijden van de ladingsdragers voor CNTs

(ca. 150 fs) dan voor GNRs (ca. 30 fs), wat op zijn beurt een hogere mobiliteit

impliceert. Dit verschil kan worden verklaard door verschillen in bandstruc-

turen en fononverstrooiing en door de grotere structurele stijfheid van CNTs ten

opzichte van GNRs, hetgeen de invloed van buiging- en/of torsiedefecten op het

elektronentransport minimaliseert. Bij langere vertragingen van de pomppuls

(10 ps na excitatie) zien we een THz frequentie-opgeloste, complexe conductivi-

teit in de GNRs die duidt op het bestaan van gelokaliseerde ladingsdragers. Het

signaal blijkt goed vergelijkbaar met dat van een molecuul met een chemische

samenstelling vergelijkbaar met die van GNRs, maar met veel kleinere lengte

zodat ladingsdragers fysiek opgesloten zijn in alle dimensies. De observatie van

gelokaliseerde of ‘gebonden’ ladingsdragers in GNRs 10 ps na excitatie geeft

aan dat de foto-excitatie in deze systemen leidt tot de vorming van excitonen,

die mogelijk in een organische donor-acceptor heterojunctie-zonnecel kunnen

worden gewonnen.
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In hoofdstuk 6 bestuderen we het ladingstransport in laagjes van gesinterde

TiO2-deeltjes van zeer verschillende grootte. Laagjes van TiO2-nanodeeltjes

worden veel gebruikt in fotovoltäısche en fotokatalytische toepassingen en de

aard van de elektrische conductiviteit van deze materialen is daarom van zowel

fundamenteel als praktisch belang. De geleidende eigenschappen van collöı-

dale TiO2-laagjes zijn sterk afhankelijk van hun morfologie en wijken sterk

af van de eigenschappen van het bulkmateriaal. Opvallend is dat identieke

foto-conductiviteitsspectra worden waargenomen voor laagjes van deeltjes met

diameters van tientallen en van honderden nm. Dat de foto-conductiviteit on-

afhankelijk blijkt van de deeltjesgrootte geeft aan dat de THz-fotogeleidende

reactie van collöıdale TiO2-laagjes niet wordt bëınvloed door terugverstrooiing

van ladingsdragers aan de begrenzingen van de deeltjes, zoals eerder werd gecon-

cludeerd, maar eerder door depolarisatievelden die ontstaan door de ruimtelijke

inhomogeniteiten in de diëlektrische functies die inherent zijn aan dit soort laag-

jes. Wanneer we de waargenomen spectrale data vergelijken met een model zien

we dat de foto-conductiviteit het bestaan van gepercoleerde trajecten aanduidt

binnenin de laagjes van collöıdale TiO2 nanodeeltjes, waardoor diffusie van lad-

ingsdragers kan voorkomen over macroscopische lengteschalen. Deze trajecten

geven het materiaal de geleidende eigenschappen over langere afstand die cru-

ciaal zijn voor toepassingen in PV-apparaten.
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awful lot from Hynek Němec in Prague who, through our collaboration, almost

became like an external mentor to me.

Other people in the Bonn group at AMOLF have contributed to making my

PhD experience most enjoyable both in- and outside the institute: I would like

to thank Alex, Leonie, Megan and Johannes for all the nice times. There were

of course many more great people at the institute to whom I owe my thanks:

Cho-Shuen, Gianluca, James, Maaike, Zhen, Lukasz, Stephan, Sietse, Hinco,

Ivana and Gijs. The list is long, and I apologize if I left out someone.

For the second act of my PhD at the MPIP in Mainz, I got to meet a whole

new bunch of great people. Thanks for all the great times to my friends Will

123



i
i

“Thesis” — 2014/1/6 — 14:47 — page 124 — #124 i
i

i
i

i
i

124 Acknowledgements

and Kamila who were here from the very beginning, I hope we will keep in

touch. Thanks to my flatmate, colleague and friend Zoltan who has the ability

to cheer people up while trying to appear negative. And to Ruth and Andy

for all the good times we spent together. Thanks to many more people at the

MPIP who made every day a bit nicer: Hai, Sapun, Samet, Maria, Vasileos,

Niels, Melike, Stefan and Ravi. A special thanks also to Akimitsu from the

synthetic chemistry department for a fruitful and friendly collaboration. Being

the last remaining member of the AMOLF THz group, I feel like I am handing

over the torch to a new generation. I do this knowing that the group is in more

than capable hands. Dmitry, Zoltan, Zuanming, Francesco and Ivan, keep up

the good work.

Tak ogs̊a til min familie Jan, Mette, Jeppe og Nina som har m̊attet undvære

mig i al den tid; og til mine nevøer Mikkel og Mikkas som jeg ikke ser nær s̊a tit

som jeg ville ønske. Y finalmente, por supuesto gracias a Alejandra. Especial-

mente por apoyarme y animarme durante el periodo, en ocasiones estresante,

de escritura de mi tesis doctoral.


