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In this thesis, two-dimensional materials such as graphene are tested for their

suitability for opto-electronic applications using terahertz time domain spectroscopy

(THz-TDS). This ultrafast all-optical technique can probe the response of novel ma-

terials to photoexcitation, and yield information about the dynamics of the material

systems.

Graphene grown by chemical vapour deposition (CVD) is studied using optical-

pump THz-probe time domain spectroscopy in a variety of gaseous environments in

Chapter 4. The photoconductivity response of graphene grown by CVD is found to

vary dramatically depending on which atmospheric gases are present. Adsorption of

these gases can open a local bandgap in the material, allowing stimulated emission

of THz radiation across the gap.

Semiconducting equivalents to graphene, molybdenum disulphide (MoS2) and

tungsten diselenide (WSe2), grown by CVD, are investigated in Chapter 5. These

members of the transition metal dichalcogenide family show sub-picosecond responses

to photoexcitation, suggesting promise for use in high-speed THz devices.

In Chapter 6, an alternative production route to CVD is studied. Liquid-phase ex-

foliation offers fast, easy production of few-layer materials. THz spectroscopy reveals

that the dynamics of these materials after photoexcitation are remarkably similar to

those in CVD-grown materials, offering the potential of cheaper materials for future

devices.

Finally in Chapter 7, it is shown that carbon nanotubes can be used to make

ultrafast THz devices. Unaligned, semiconducting single walled carbon nanotubes

can be photoexcited to produce an ultrafast, dynamic THz polariser.

The work in this thesis demonstrates the potential for these novel materials in

future opto-electronic applications. THz spectroscopy is shown to be an important

tool for the characterisation of new materials, providing information that can be used

to understand the dynamics of materials, and improve production methods.
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Chapter 1

Introduction

In the past few decades, progress in electronics has relied upon scaling silicon tech-

nology to ever smaller dimensions [1]. Further reductions in scale will soon reach a

limit imposed by statistical and quantum effects, and difficulties with heat dissipation

[2]. To continue progress in electronic and opto-electronic applications, new materials

and new device concepts are required.

The realisation of two-dimensional materials has opened up a new front in the

search for post-silicon materials. Starting with graphene in 2004 [3], a wealth of 2D

materials have been produced, revealing novel physics and promising exciting techno-

logical advances [4]. Graphene in particular has sparked the imagination of scientists

and the media alike, earning itself the moniker ‘wonder material’ for its remarkably

high electronic mobility, immense tensile strength and inherent two-dimensional na-

ture [5].

Despite its accolades, pure semi-metal graphene has the severe limitation of hav-

ing no bandgap [1]. For silicon replacement applications, most notably in transistors,

a significant bandgap must either be induced in graphene, or a different material

found. Fortunately, 2-dimensional semiconducting materials have already been iso-

lated. Molybdenum disulphide, MoS2, is a ‘semiconducting analogue to graphene’,

already showing promise with high on/off ratios in transistor devices [6]. MoS2 is just



1.1 Introduction

Figure 1.1: The electromagnetic spectrum, indicating the range of the THz gap.
Taken from http://lts.fzu.cz/en/intro.htm

the first of a wide family of 2D transition metal dichalcogenides to be studied, with

the rest of the family offering a broad range of electronic behaviours from insulating

to metallic and superconducting properties [7].

As well as the advantage of being ultrathin, 2-dimensional materials demonstrate

ultrafast behaviour [8]. Today’s electronics and optoelectronics are limited to speeds

on the gigahertz scale [9]. A push towards terahertz (THz) speeds requires devices

based on picosecond or sub-picosecond phenomena. Novel 2D materials must be

assessed for their capability of operating at such speeds. Terahertz spectroscopy is a

technique well placed for such an assessment [10].

1.1 Terahertz Radiation

The electromagnetic spectrum can be split roughly into two parts based on the method

of generating the radiation (see Figure 1.1). At the low energy end of the spectrum,

radio waves and microwaves are typically produced by electronic devices, radiating

by oscillating electrons. At the other end of the spectrum, waves are generated by

relaxation between quantum states in molecules, atoms and nuclei.
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Until the last few decades, the border between these two regions formed the ‘tera-

hertz gap’, a region of frequencies between microwaves and the far-infrared that had

been difficult to generate. The terahertz region typically covers the frequencies be-

tween 300 GHz and 10 THz (1000µm to 30µm, or 1 meV to 41 meV). Recent advances

have closed the terahertz gap - quantum cascade lasers [11], free electron lasers [12] and

THz generation based on femtosecond laser pulses have allowed access to the THz

part of the electromagnetic spectrum [10].

1.1.1 Uses of terahertz radiation

Terahertz radiation has applications in a broad range of industries. For communica-

tions purposes, THz radiation promises faster, higher bandwidth data links than the

microwaves currently used [13]. Explosives and drugs have unique THz signatures that

can be used to identify them, making terahertz radiation attractive in the security

industry [14]. For some medical applications terahertz radiation could provide a safer,

non-ionising alternative to X-rays [15].

All of these applications require cheap, small-scale ways of producing, controlling

and detecting terahertz radiation. Methods of modulating and polarising THz radia-

tion, essential to encode information in the THz wave, are particularly few in number.

New materials displaying ultrafast responses to electromagnetic radiation, and strong

coupling to terahertz radiation are therefore being sought.

Terahertz spectroscopy, perhaps the most prominent application of THz radiation

currently, can be used to characterise these new materials [8, 10]. The comparatively

low energy of THz radiation allows it to probe systems without altering them, in-

vestigating intraband behaviour, in constrast to more conventional but higher energy

forms of optical spectroscopy. This is particularly useful to investigate the cooling of

carriers after optical photoexcitation in novel semiconductors, providing information

about the speed at which the system relaxes with sub-picosecond resolution.

3



1.2 Introduction

Terahertz spectroscopy has other advantages over more conventional forms of spec-

troscopy. As a time domain spectroscopy that measures the variation of a THz electric

field as a function of time, all of the phase information in the wave is retained. Thus

the complex a.c. conductivity of materials can be measured directly. In the low fre-

quency limit, the THz conductivity measured this way can be considered analagous

to the d.c. conductivity, providing information about the material without having to

attach contacts.

1.2 Overview of this thesis

This thesis describes the use of THz spectroscopy to investigate the behaviour of

photoexcited carriers in 2-dimensional materials, and thus assess them for use in

high-speed opto-electronic and THz devices. In Chapter 2, the principles involved in

THz time domain spectroscopy and the particulars of the system used for experiments

are given, along with derivations of the equations used to convert information about

the THz electric field into the conductivity.

The materials to be studied are introduced in Chapter 3. Graphene, transition

metal dichalcogenides and carbon nanotubes are described, along with a discussion

about spectroscopic measurements previously undertaken on these materials.

Graphene produced by chemical vapour deposition is the subject of Chapter 4.

Using optical-pump THz-probe time domain spectroscopy (OPTP-TDS), the THz

photoconductivity of the graphene is found to be remarkably sensitive to the presence

of atmospheric gases. In the presence of oxygen, the photoconductivity is both a

different sign and an order of magnitude larger to the case of graphene in a vacuum.

In Chapter 5, MoS2 and WSe2, also grown by chemical vapour deposition, are

similarly investigated using OPTP-TDS. The ultrafast nature of the response of these

materials to photoexcitation is highlighted, suggesting promise for fast opto-electronic

applications.

4
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The potential of an alternative, much cheaper, production method for these ma-

terials is investigated in Chapter 6. Nanoflakes of graphene and MoSe2 produced by

liquid-phase exfoliation are examined with OPTP-TDS, revealing similarly ultrafast

behaviour to their chemical vapour deposition grown counterparts.

Finally in Chapter 7, a 1-dimensional material is investigated for use as a THz

modulator. Carbon nanotubes, which can be considered as rolled up graphene,

demonstrate potential for use as an ultrafast, dynamic THz polariser.

5
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Chapter 2

Experimental Methods

The experimental studies in Chapters 4 to 7 use optical-pump terahertz-probe time

domain spectroscopy. In this Chapter, the principles underpinning this technique are

outlined, including generation and detection of terahertz radiation. The particulars

of the experimental system used in Chapters 4 to 7 are detailed, and the equations

used to extract THz photoconductivity spectra from time domain data are derived.



2.1 Experimental Methods

2.1 Ultrafast spectroscopy

Terahertz time domain spectroscopy (THz TDS), as used in Chapters 4-7, is part of

a wider family of time-resolved spectroscopic techniques. Generally, these methods

involve a spectroscopic measurement of a system as a function of time after some

perturbation to the system, often provided by a short optical pulse.

In many techniques, such as time-correlated single photon counting (TCSPC) [16]

and and time-resolved microwave conductivity [17], high speed electronics are used

to detect the change in the system after perturbation. Whilst this has the advan-

tage of utilising electronics which are relatively cheap and easy to implement, the

time resolution of such techniques is fundamentally limited by the clock rate of the

data acquisition circuit. Current transistor technologies are limited to ∼ 500 GHz

speeds, preventing the observation of phenomena with picosecond or sub-picosecond

scale lifetimes [9]. Indeed, one of the frequently touted applications for graphene and

other two-dimensional materials is as a high speed transistor, overcoming the current

technological hurdle [18, 19].

2.1.1 Optical pump-probe spectroscopy

In order to overcome the shortcomings of electronically-gated techniques it is neces-

sary to move to optically-gated measurements, where both excitation and detection

are performed using ultrashort, synchronised laser pulses. Typically (though not nec-

essarily), a high energy optical pump will be used to photoexcite the system being

measured, and a lower energy probe beam used to detect changes within the system

resulting from the photoexcitation. The evolution of the system after photoexcitation

can be mapped out by varying the optical delay line between pump and probe pulses.

Here, the fundamental time resolution is determined simply by the duration of

the laser pulse. In practice, however, experimental considerations limit the achievable

resolution - primarily the accuracy of the optical delay line and dispersion and phase-

8
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matching effects resulting from the finite thickness of any non-linear crystals used in

the technique.

The strength of such spectroscopic methods therefore depends upon the laser

driving the spectrometer. The advent of widely available solid-state lasers producing

femtosecond pulses has opened up the study of ultrafast physics, revealing a wealth of

information about processes in established materials, and leading the characterisation

of new ones. Many techniques require the pumping of non-linear crystals, to produce

different pump wavelengths, or, as in the case of THz TDS, to generate the terahertz

probe pulse. Therefore the laser must produce both ultrashort and high energy pulses

to efficiently drive these processes. For this reason, chirp-pulse amplification regen-

erative amplifiers are typically used, such as the Spectraphysics Spitfire Pro used for

measurements in Chapters 4-7. A general overview of such laser amplifiers can be

found in reference 20.

2.1.2 Non-linear optics

The use of non-linear processes was of crucial importance for the measurements per-

formed in later chapters. Such processes allow the generation of THz radiation by

optical rectification (section 2.2.2.1) and the production of varied pump frequencies

by frequency mixing within non-linear crystals. By utilising the high pulse energy

from a regenerative amplifier, we enter a regime in which the polarisation P of a

crystalline material no longer varies linearly with the applied electric field, E [21].

For linear optics we can write the polarisation as

P = ε0χE, (2.1)

where χ represents the electric susceptibility. Considering only the case of polari-

sation parallel to the electric field, so that P=Px, E=Ex, we can include higher order

terms in P ,

9



2.1 Experimental Methods

P = P1 + P2 + P3 + ... = ε0(χ1Ex + χ2E
2
x + χ3E

3
x + ...). (2.2)

It is the different order susceptibilities, χ2, χ3 etc, that give rise to the phenomena

useful for THz TDS. The most important of these is the second order term, which

allows frequency doubling, optical rectification and the Pockels effect. The second

order susceptibility is not present in all materials: inversion symmetry implies that

the polarisation would be unchanged under an inversion transformation hence χ2 can

only be non-zero in non-centrosymmetic media. However, in a suitably chosen crystal,

coupled with the high energy pulses of an amplified laser, the second order processes

can become highly efficient.

2.1.2.1 Sum-frequency generation

Considering the general case of two plane waves of the form Ei(t) = E
(i)
0 cos(ωit)

incident upon a non-linear crystal where the second order susceptibility dominates,

the nonlinear polarisation may be written as

P2(t) = ε0χ2E1E2 = ε0χ2E
(1)
0 E

(2)
0 cos(ω1)cos(ω2) (2.3)

P2(t) = ε0χ2(
1

2
E

(1)
0 E

(2)
0 [cos((ω1 + ω2)t) + cos((ω1 − ω2)t)], (2.4)

making use of the standard trigonometric relation cos(u)cos(v) = 1/2[cos(u+v)+cos(u−

v)] Thus, the second order susceptibility generates two waves with frequencies ω1 +ω2

and ω1−ω2 respectively. The former, the sum-frequency wave, is useful for generating

higher harmonics of the optical pump beam. If, additionally, the ‘phase-matching’

condition is met, namely that the photon momentum of the two incident waves is

conserved by the generated wave, efficient sum frequency generation can be achieved.

This condition essentially requires the selection of a material with a matching refrac-

tive index for both incoming waves and generated wave.

10
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2.1.2.2 Second-harmonic generation

In Chapter 5, the measurements required the generation of the second harmonic of

the 800 nm amplified laser beam. This can be considered as a particular case of

the above sum-frequency generation, where the two incident waves are identical, and

ω1 = ω2 = ω0. Hence the generated sum-frequency ω1 + ω2 = 2ω0, yielding a 400 nm

beam from the 800 nm amplified laser pulse. A crystal of β-BaB2O2, known as BBO,

can be used to achieve this. In particular orientations of this crystal n(ω0) = n(2ω0),

i.e. the phase-matching condition is met, and so the second harmonic efficiently

generated.

2.2 Optical-pump terahertz-probe spectroscopy

Optical-pump terahertz-probe time domain spectroscopy (OPTP-TDS) follows the

general principal outlined above for pump-probe spectroscopies. An optical pump

pulse is used to photoexcite a sample, and after a delay, a single cycle THz probe

used to examine the excitation state. The electric field of this THz pulse can be

measured in the time domain, using the technique of electro-optic sampling (Section

2.2.3), which records the full complex spectrum of the THz probe, rather than just

the intensity as is typical in optical measurements. Before describing the particulars

of the THz spectrometer used for the experiments, the general principles of THz

spectroscopy are briefly described.

2.2.1 Time-domain spectroscopy

In conventional optical spectroscopy, the intensity of electromagnetic radiation is

measured as a function of frequency. The intensity of an electromagnetic wave is

given by the Poynting vector, S = E × H, where E is the electric field vector and

H the magnetic field vector. At optical frequencies, only the time-averaged Poynting

vector can typically be measured. For a plane wave of the form E(t, z) = E0e
i(kz−ωt),

11
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this time-averaged intensity is proportional to |E0|2, thus all the phase information

is lost, and the complex refractive index of the sample cannot be measured.

This problem can be avoided by using the Kramers-Kronig relations, which use the

relationship between the electric displacement D and the electric field E to extract

the full complex refractive index of the material from the intensity measurements [22].

However, this analysis can be complicated, and requires knowledge of either the real

or the imaginary part of the refractive index over a large spectral range, which is not

necessarily achievable.

Time-domain spectroscopy, such as THz TDS, provides an alternative. By mea-

suring the electric field of the radiation rather than just intensity, the phase of the

wave is retained, allowing the complex refractive index (or complex conductivity) to

be extracted directly. The analysis required to find the refractive index is presented

later in section 2.4.

2.2.2 Generation of THz radiation

Two techniques are common for the generation of THz radiation for THz-TDS -

photoconductive emitters [23, 24] and optical rectification in non-linear crystals [25].

Photoconductive emitters are particularly useful for systems with low power lasers

which cannot efficiently access the second order non-linearities required for optical

rectification. A typical switch consists of a pair of metallic electrodes evaporated

onto the top of a highly resistive semiconducting substrate, such as semi-insulating

GaAs [26]. A large electric field, typically >1kV/cm, is applied across the electrodes.

The application of an ultrashort laser pulse generates carriers in the gap between

the electrodes, forming a transient dipole under the bias of the electric field that will

radiate a range of frequencies of around 1 THz into free space.

12
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2.2.2.1 Optical rectification

With the pulse energies available from a regenerative amplifier, optical rectification in

non-linear crystals is easily achieved. When a monochromatic plane wave of the form

E(t) = E0cos(ωt) travels through a non-linear crystal with non-zero second order

susceptibility (χ2 6= 0), it induces a polarisation [27]

P2(t) = ε0χ2E
2
0cos(ωt) (2.5)

= ε0χ2E
2
0/2− ε0χ2E

2
0cos(2ωt)/2. (2.6)

The first term of Equation 2.6 is a ‘zero’-frequency polarisation, P0. If a broadband

ultrashort pulse is used in place of a monochromatic wave, the zero-frequency term

will vary in time, and emit a THz electromagnetic pulse, ETHz ∝ P̈0
[28]. Typical

crystals for THz generation by optical rectification include zinc telluride (ZnTe),

gallium phosphide (GaP) and gallium selenide (GaSe) [10].

2.2.3 Electro-optic detection of THz radiation

The electric field of the THz pulse can be detected using the Pockels effect in certain

non-linear crystals [29, 30]. The electric field of the THz pulse induces a birefringence

in the crystal, which modulates the polarisation of an ultrashort ‘gate’ laser pulse

passing simultaneously through the crystal. As the duration of the laser pulse is

much shorter than the duration of the single cycle THz pulse (35 fs compared to

∼1 ps), the terahertz field, and hence the induced crystal birefringence, appear quasi-

static to the gate pulse. Thus the gate pulse measures just one point on the THz

pulse. Analysing the change of polarisation of reveals the electric field of the THz

pulse at that point. By varying the relative time of arrival of the THz and gate pulses,

using optical delay stages, the whole THz pulse can be mapped out. This process is

represented in Figure 2.1
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Figure 2.1: THz detection by electro-optic sampling. a) In the absence of an electric
field, the vertically polarised gate pulse passes through the unaltered electro-optic
(E-O) crystal. A quarter-waveplate is set to produce circularly polarised light from
this gate pulse. A Wollaston prism (WP) spatially separates the horizontal and
vertical components of this light, which is detected by two photodiodes. For circularly
polarised light, both components are equal, thus both photodiodes measure the same
intensity, and the potential difference between them is V = 0. b) If the optical
delay is set such that the THz pulse and the gate beam overlap in time, here at
t = tmax, the presence of a THz electric field modifies the birefringence of the electro-
optic (E-O) crystal, changing the polarisation of the gate pulse, thus encoding the
electric field into the polarisation of the gate. The quarter-waveplate now produces
elliptically polarised light, yielding a difference in intensities on the photodiodes which
is proportional the the THz electric field.
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The change in polarisation of the gate pulse can be measured using a Wollaston

prism and a pair of photodiodes. A λ/4 waveplate is used to convert the linearly

polarised gate beam into an elliptically polarised beam. The Wollaston prism spatially

separates the linear and horizontal components of this elliptical polarisation, which

can be detected by the pair of photodioides, and the potential difference, V between

the photodiodes measured. The photodiodes can be balanced in the absence of a

THz electric field by rotating the waveplate to create circularly polarised light, so

that the horizontal and vertical components reaching the photodiodes are equal, and

so V = 0. Thus any change in V in the presence of the THz pulse is proportional to

the electric field of the THz pulse.

If desired, the electric field of the THz pulse can be calculated explicitly. Taking V

as the potential difference induced across the photodiodes by an instantaneous THz

electric field ETHz, and Vmax as the maximum voltage swing measurable during a full

rotation of the waveplate, ETHz can be extracted from [31]

V

Vmax

=
2π

λgate

dn3
gaterETHz. (2.7)

Here, λgate and ngate are the wavelength of the gate and the crystal refractive index

at the gate wavelength respectively, d is the crystal thickness, and r the electro-optic

coefficient of the crystal. However, for most measurements only the relative change

in terahertz field is required, and so the calculation of the explicit field is not needed.

2.3 Experimental setup

The general principles described above were combined to form the OPTP-TDS system

used for measurements in Chapters 4-7.

The experimental arrangement used for THz time domain spectroscopy is dis-

played in Figure 2.2. A Spectra-Physics Spitfire Pro Ti:Sapphire regenerative am-

plifier (800 nm 5 kHz repetition rate, 4 W average power, 35 fs pulse duration) was
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Figure 2.2: Schematic diagram of the apparatus used for THz spectroscopy exper-
iments. The 800 nm output from a Ti:Sapphire regenerative amplifier was used to
photoexcite the sample, to generate THz radiation, and to detect the THz electric
field by electro-optic sampling. The path length of the pump and THz generation
beams could be altered relative to the fixed gate beam, thus varying the time of ar-
rival of the THz and pump pulses at the sample, t1 and t2 respectively, relative to
the gate pulse.
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seeded from a Spectra-Physics MaiTai, and pumped using a Spectra-Physics Em-

power (20 W).

For the measurements in Chapters 4 and 6, the output of the laser amplifier was

split into three beams. A beam of 2.9 W, reduced to 0.29 W with a neutral density

filter, was used to photoexcite the sample with a maximum fluence of 180µJ/cm2

incident upon the sample, and a beam width of 2 mm.

The second beam (200µJ per pulse) was used to generate the terahertz probe

beam by optical rectification in a 2 mm GaP crystal. The terahertz beam had a

width of 0.48 mm at the sample position. The area of the sample probed by the THz

beam was much smaller than the area photoexcited by the pump beam; thus the

probe measured an area of roughly constant photoexcited carrier density.

The remainder of the amplifier beam (16µJ per pulse) was used as a gate beam for

electro-optic sampling of the terahertz field in a 200µm GaP crystal. Using a quarter

waveplate (QP) and a Wollaston prism (WP), the gate beam was separated into

two spatially resolved polarisation components for detection by photo-diodes (PD),

from which the pump induced change in the THz signal can be extracted by two

lock-in amplifiers, LI1 and LI2, referenced to optical choppers 1 and 2 respectively.

The correct phase of the lock-in amplifiers for each experiment was determined by

observing the signal from a reference sample with a well known photoresponse (semi-

insulating GaAs).

Variable delay stages in the THz generation and pump beams allowed additional

path length to be added to these beams, whereas the gate beam was held fixed.

Adding additional path length to the THz generation beam alters the time between

the arrival of the THz pulse and the 35 fs gate pulse at the electo-optic (E-O) crystal

(200µm GaP), t1. By varying this time, the full dynamics of the THz pulse could be

mapped. Alternatively, the time between the pump pulse and the gate pulse, t2, could

be varied. These measurements are represented in Figure 2.3. In order to measure
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Sample

E-O
Crystal

t2

t1

Gate

Pump

THz Pulse

Figure 2.3: Schematic representation of the OPTP-TDS measurements. Varying t1
allows the electric field, ETHz, of the terahertz probe pulse to be sampled in the electro-
optic (E-O) crystal. The sample can be probed at different times after photoexcitation
by altering t2. In this way each part of the THz pulse was probed at the same time
after photoexcitation.

the full pump-induced transmission change, as in Figure 4.4, the pump delay time t2

was set to a fixed value before the THz pulse was measured by varying t1. Thus the

delay between the pump pulse and the sampled part of the THz pulse was constant,

avoiding the need for the complicated analysis otherwise required [32]. This data can

be Fourier transformed to yield spectral information, as described in the next section.

If the full spectral information is not required, t1 could be held fixed so that only

the peak of the THz field was detected, whilst varying t2 to reveal an average of

the THz response after photoexcitation. This method yielded the temporal evolution

seen, for example, in Figure 6.2.

2.3.1 Double lock-in detection

To minimise noise in the signal, a double lock-in detection system was used for signal

recovery in OPTP-TDS. Both lock-ins were Stanford Research Systems SR830s. The

first was referenced to Chopper 1 in the THz generation beam, set to 2.5 kHz (half

the amplifier repetition rate). The output from this lock-in was proportional to the
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terahertz electric field, ETHz, following from Equation 2.7. The second lock-in was

referenced to Chopper 2 in the pump beam, set to 125 Hz. The output from this sec-

ond lock-in was proportional to the pump-induced change in terahertz transmission,

∆E = Eon − Eoff . Thus the change in transmission used in the analysis of THz data

in the following section was obtained directly.

2.3.2 Generation of higher frequency pump pulses

A slightly different arrangement was used for the measurements in Chapters 5 and

7. To photoexcite carriers across the bandgap in transition metal dichalcogenides

and semiconducting carbon nanotubes, higher pump beam energies than the 1.55 eV

fundamental pump from the amplifier were required.

For high energy excitation, the 2.9 W pump beam described in the previous section

was frequency doubled in a BBO crystal, as in Section 2.1.2.2, yielding a 3.1 eV

(400 nm) pump, with a typical fluence of 100µJ/cm2 at the sample position. The

THz generation beam and gate beam were used as above for generation and detection

of the THz electric field.

Alternatively, for excitation on resonance with excitons in MoS2 and the semi-

conducting carbon nanotubes, variable pump energies were produced using a TOPAS

optical parametric amplifier. 3.2 W of the Spitfire amplifier output was used to drive

the TOPAS. For the 1.9eV (650 nm) pump used in Chapters 5 and 7, the output of

the TOPAS was 200 mW, producing a fluence of 175µJ/cm2 at the sample position.

The remaining output of the Spitfire was used to generate and detect THz radiation,

as described above.

The spectra of all pump beam energies used in this thesis can be seen in Figure

5.6.
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2.4 Analysis of data from THz spectroscopy

Having measured the transmission of the THz probe through the sample in the time

domain, it is useful to convert to the frequency domain, to access the spectroscopic

information. For a time domain electric field of the form E(t) = E0e
−iωt, Fourier

transforming (using a Fast Fourier Transform algorithm) yields a frequency domain

field of the form

Ẽ(ω) = Ẽ0(ω)e−iωnd/c, (2.8)

where d is the distance travelled, c is the speed of light and n is the complex refractive

index of the medium.

2.4.1 Equilibrium THz conductivity

All of the samples measured in this thesis may be considered as a thin film on a thick

substrate, of the type depicted in Figure 2.4. As any reflections within the thick

substrate can be removed by windowing the time domain data, substrate reflections

are not considered in the following analysis.

Consider a THz wave of the form of Equation 2.8 travelling through medium

1 (usually vacuum), incident normally upon the surface of a reference substrate as

shown in Figure 2.4a. For the THz wave transmitted through a region of medium 1

of thickness δ, and substrate thickness d, we may write the electric field as

Ẽref(ω) = t13t31Ẽ0e
−iωn1δ/ce−iωn3d/c, (2.9)

where tij are the Fresnel coefficients for transmission from medium i to medium j at

normal incidence, given by [21]

tij =
2ni

ni + nj
. (2.10)
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Figure 2.4: A THz electric field passing through a substrate (a), and through a thin
film on a substrate (b). Considering the transmission at each interface allows the
emerging electric fields to be written as Equations 2.9 and 2.11 respectively.

Similarly, for transmission through both the sample medium 2 of thickness δ and

substrate medium 3 of thickness d (Figure 2.4b), we may write the transmitted field

as

Ẽsam(ω) = t12t23t31Ẽ0e
−iωn2δ/ce−iωn3d/cF123. (2.11)

Here, F123 accounts for multiple Fabry-Perot reflections within the sample film. Gen-

erally, F123 =
p∑
p=0

[r23r21e
i2n2ωδ/c]p. In the thin film limit, however, we can assume

infinite reflections (overlapping perfectly in the time domain), hence the Fabry-Perot

term becomes

F123 =
1

1− r23r21ei2n2ωδ/c
, (2.12)

where rij are the Fresnel coefficients for reflection from medium i to medium j, given

by
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rij =
ni − nj
ni + nj

. (2.13)

Therefore, the transmission through the thin sample, T (ω), is given by

T (ω) =
Ẽsam(ω)

Ẽref(ω)
=
t12t23Ẽ0e

−iωn2δ/cF123

t13Ẽ0e−iωn1δ/c

=
2n1

n1+n2

2n2

n2+n3

2n1

n1+n3

× e−iωδ(n2−n1)/c

1− r23r21ei2n2ωδ/c
. (2.14)

By again considering the limit of thin films we can say nωδ/c � 1 allowing us to

derive the complex dielectric function for the thin film sample

ε(ω) = n2
2(ω) =

i(n1 + n3)c

ωδ

(
1

T (ω)
− 1

)
− n1n3. (2.15)

The dielectric function can be related to the complex conductivity σ via Maxwell’s

equations [21], giving

ε(ω) = εs +
iσ

ε0ω
, (2.16)

where εs is the low frequency limit of the dielectric function, relevant for frequencies

below a phonon resonance. Combining Equations 2.15 and 2.16 yields

σ(ω) =
(n1 + n3)ε0c

δ

(
1

T (ω)
− 1

)
+ iε0ω(εs + n1n3). (2.17)

Assuming a very conductive material, the second term in Equation 2.17 can be ne-

glected [8], leaving

σ(ω) =
(n1 + n3)

Z0δ

(
1

T (ω)
− 1

)
, (2.18)
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where Z0 = 1/ε0c = 376.6 Ω is the impedance of free space. Thus, by measuring the

THz electric field passing through the sample and substrate, and the field passing

through just the substrate, we can calculate the complex conductivity of the thin film

sample.

2.4.2 THz Photoconductivity

For most measurements in this thesis, the change in conductivity induced in a sample

by photoexcitation is of interest, rather than the conductivity of the non-photoexcited

sample.

In this case, we can consider a thin film on a thick substrate, as depicted in Figure

2.4b and the transmission through the sample and substrate when photoexcited by a

pump beam, Ton, compared to the transmission through the sample and substrate in

the absence of the pump, Toff .

Rearranging Equation 2.18 for the case of pump on and pump off respectively

yields the equations

σonZ0δTon = (n1 + n3)(1− Ton) (2.19)

and

σoffZ0δToff = −(n1 + n3)(1− Toff). (2.20)

Subtracting Equation 2.20 from Equation 2.19 gives

Z0δ(σonTon − σoffToff) = (n1 + n3)∆T, (2.21)

where ∆T is the change in transmission through the sample because of photoexcita-

tion, ∆T = Ton − Toff .
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Assuming only a small change in transmission due to photoconductivity, such that

Ton ≈ Toff ∼ TTHz, where TTHz = (Ton+Toff)/2 yields an equation for the photoinduced

conductivity change, ∆σ = σon − σoff

∆σ(ω) = −
(
n1 + n3

Z0δ

)
∆T

TTHz

, (2.22)

where n1 and n3 are the refractive indices of the surroundings (usually vacuum, n1 =

1), and substrate respectively, and TTHz and ∆T are the outputs of lock-in 1 and lock-

in 2 respectively. Thus the pump-induced THz photoconductivity can be extracted

from the measured amplitude transmission and change in transmission through the

sample and substrate.

Finally, we consider the case of truly 2-dimensional materials, such as graphene,

where the thickness δ is difficult to define. In this case, we may consider the 2D

conductivity, σ2D, measured in Siemens Square (the conductivity equivalent of Ohms

per Square). Then we may write

∆σ2D(ω) = −
(
n1 + n3

Z0

)
∆T

TTHz

. (2.23)

2.5 Physical interpretation of THz photoconduc-

tivity

Photoexcitation of a system will generate a range of quasi-particles, such as free

carriers, excitons and plasmons. Due to the low energy of THz radiation, these quasi-

particles can be probed directly, and so the THz photoconductivity of the system, ∆σ

will contain the signature of the quasi-particles present [10]. The quasi-particles excited

by an optical probe can therefore be determined by fitting the expected response of

quasi-particles to the measured THz photoconductivity spectrum. The derivation of

the conductive response of common quasi-particles is described here.
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2.5.1 Free charge carriers - Drude conductivity

In many cases the photoexcited electrons and holes can be considered to act as a

plasma, free to move within the sample. If particles of charge q and effective mass

m∗ are non-interacting, and are scattered only by ionic cores which randomise the

carrier momemtum at a rate Γ = 1/τ [33], the displacement x of carriers from the

equilibrium position in the presence of the THz electric field E is given by

d2x

dt2
+ Γ

dx

dt
=
qE

m∗
. (2.24)

Assuming a THz electric field E = E0e
−iωt, we can assume an oscillating solution of

the form x = x0e
−iωt. Substituting these solutions into Equation 2.24 results in a

displacement

x =
qE/m∗

−ω2 − iωΓ
. (2.25)

Displacement of N carriers from the equilibrium position generates a polarisation

Pdisp = Nqx. Considering the electric displacement vector D in a linear medium

with relative dielectric function ε, and allowing for a background polarisation Pback ,

we may write

D = εε0E = ε0E + Pback + Pdisp

= ε0E + ε0χE + Pdisp. (2.26)

Using Equation 2.25 in equation 2.26, we obtain an expression for the complex di-

electric function

ε = 1 + χ+
Nq2

ε0m∗(−ω2 − iωΓ)
. (2.27)
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The dielectric function can be related to the complex conductivity σ using Equation

2.16, giving

ε = εs +
iσ

ε0ω
= 1 + χ+

iσ

ε0ω
, (2.28)

where ε∞ is the high frequency limit of the dielectric function. Combining Equations

2.27 and 2.28 yields the a.c. Drude conductivity

σDrude(ω) =
Nq2τ

m∗(1− iωτ)
=

σ0

1− iωτ
, (2.29)

where σ0 is equivalent to the d.c conductivity of free carriers. Thus by taking the

zero-frequency limit of the measured THz conductivity the d.c. conductivity may be

found, without needing to attach contacts to the sample.

Despite the many simplifications and assumptions in this model, it has been suc-

cessfully applied to many systems [8], including graphene, as discussed in Section

3.4.

2.5.2 Lorentzian conductivity

Other quasi-particles are not free, but instead have a restoring force competing with

the effect of the applied electric field. Excitons, for example, are bound electron

and hole pairs, which experience a restoring force due to the Coulombic attraction

between them [21]. Quasi-particles of this type are Lorentzian oscillators, and their

conductivity termed a Lorentzian conductivity.

Such systems can be modelled by considering a straightforward extension to the

Drude model described above. By adding a restoring force −ω2
0x to the right hand

side of Equation 2.24, we find a conductivity of the form

σLorentz(ω) =
iωA

ω2 − ω2
0 + iωΓ

, (2.30)
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where A is the amplitude of the Lorentzian oscillator, and ω0 the frequency at which

the system resonates. Lorentzian form conductivities show a resonance peak in the

real part of the conductivity, and a change from negative to positive in the imaginary

part.

2.6 Other experimental techniques

Several additional techniques were used during characterisation of the samples to test

quality and layer thickness.

UV-Vis-IR transmission spectroscopy was used in Chapters 4 - 7, to determine

layer thickness for graphene (Chapter 4 and to observe the onset of exciton absorption

in transition metal dichalcogenides (Chapters 5 and 6). Data were taken using a

Perkin-Elmer Lambda 9 UV/Vis/NIR spectrophotometer (Chapters 4 and 5), and a

Bruker Vertex 80 FTIR spectrometer with a silicon detector (Chapter 6).

Raman spectroscopy was used to identify the number of layers present in graphene

and MoS2. In this technique, inelastic scattering of visible light is used to observe

phonons and other vibrations in the system. Monolayer graphene in particular has a

usefully unique Raman signature that can be used to identify its presence (see Section

4.3)[34]. The Raman data in Chapters 4 and 5 were acquired by Lance Li and his

group using an NT-MDT confocal Raman microscope system, with laser wavelength

473 nm, power 0.5-1 mW and spot size 0.5µm. Raman measurements in Chapter 7

were performed by the group of Valeria Nicolosi at CRANN, Trinity College, Dublin.

Similarly, atomic force microscopy (AFM) was used to further determine the layer

thickness in graphene and transition metal dichalcogenides. These images were taken

on nominally identical samples using a Veeco Dimension-Icon system, by the group

of Lance Li in Taiwan.
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Chapter 3

Introduction to graphene and
two-dimensional materials

Graphene has proved itself as being unique in terms of fundamental physics, and

of particular importance for postsilicon electronics. Research into graphene has di-

vided into two branches, one probing the remarkable electronic and optical properties

of graphene, and the other pursuing technologically viable forms of the material.

Terahertz time domain spectroscopy (THz TDS) is a powerful tool for both, able to

characterise the free carrier response of graphene and probe the inter and intraband

response of excited carriers with sub-ps time resolution. In this chapter, THz TDS

and related measurements of graphene and other 2D materials are reviewed.



3.2 Introduction to graphene and two-dimensional materials

3.1 Introduction

Graphene, a flat monolayer of carbon atoms forming a two-dimensional (2D) hon-

eycomb structure, has been named ‘the simplest complex material’ [35]. It exhibits

mobilities in excess of any observed in conventional bulk semiconductors [36], and al-

lows the observation of relativistic quantum mechanics on a condensed matter scale

[37], but can be produced using Scotch tape [3]. The first isolation of a monolayer of

graphene in 2004 by the now Nobel prize winning Geim and Novoselov transformed

the material from a theoretical model, deemed by Landau and Peierls to be unstable

at all finite temperatures [38], into a practical reality [3]. Since then graphene has been

touted for use as future field effect transistors [39], the replacement for indium tin ox-

ide (ITO) in touch screens [40], electrodes in solar cells [41], and even as anti-bacterial

paper [42].

The unique properties of graphene fuel the great enthusiasm for the material.

Graphene has shown ballistic transport at room temperature [36] with massless Dirac

fermions as the carriers [37], an anomalous quantum Hall effect [43], Klein tunnelling

[44], and immense tensile strength [45], to name but a few. However, the electronic

properties of graphene, particularly the dynamics of hot carriers, must be understood

before graphene can be used for optoelectronic devices [46].

Terahertz Time Domain Spectroscopy (THz TDS) is a method well placed for

such studies [10]. This all–optical technique can probe the intrinsic carrier dynamics

in the time domain, undisturbed by the influence of contacts that would otherwise

have to be attached [47]. Coupled with a higher energy excitation pulse, ultrafast

carrier relaxation can be observed with sub–ps time resolution.
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Figure 3.1: Honeycomb structure of graphene showing unit cell vectors a1 and a2,
and next nearest neighbour vectors δi. Taken from [44].

3.2 The structure of graphene

Graphene is composed of carbon atoms in a 2D hexagonal lattice as represented in

Figure 3.1, with lattice vectors a1 and a2 such that |a1| = |a2| = a, where a ≈ 2.461Å.

Carbon atoms have 6 electrons each, distributed into the atomic orbitals 1s2, 2s2, 2p2.

In graphene, the 1s electrons are essentially inert, and the 2s, 2px and 2py orbitals

hybridise into three new planar sp2 orbitals [44]. These orbitals are responsible for

the formation of the σ bonds that form the hexagonal structure. There remains one

electron from each 2pz orbital, giving one electron per lattice site. It is these electrons

that give graphene its unique properties. As can be seen in Figure 3.1, there are two

carbon atoms per unit cell, hence two electrons per unit cell. Thus there are two

bands: the conduction band and the valance band.

The structure of these bands can by calculated using the tight binding model, for

pristine graphene yielding [48, 49]

E±(k) = ±t
√

3 + f(k), (3.1)
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Figure 3.2: Energy spectrum with a zoom in of the bands near the Dirac point. Taken
from [44].

with

f(k) = 2 cos(
√

3kya) + 4 cos(

√
3

2
kya) cos(

3

2
kxa). (3.2)

The resulting energy spectrum for both conduction and valance bands can be seen

in Figure 3.2. It can be seen from this figure that there are two momentum values,

K and K’, termed the Dirac points, at which the energy bands meet. Graphene

is therefore a zero gap material, or semi-metal. Expanding the dispersion relation

(equation 3.1) around these Dirac points produces a linear relationship:

E±(q) ≈ ±~vF |q| , (3.3)

where vF represents the Fermi velocity, vF ≈ 106ms−1. Equation 3.3 is the ultrarela-

tivistic form of Einstein’s equation E =
√
m2c4 + p2c2 with m = 0 and c = vF. Thus

carriers around the Dirac point are massless fermions, described by the Dirac rather

than the Shrödinger equation. These relativistic massless carriers give graphene its

uncommon transport properties, such as ballistic transport and half-integer quantum

Hall effect. They also allow graphene to be used to further probe the phenomena of

quantum electrodynamics [38].
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3.3 Production of graphene

Graphene is not a uniform term. Each of the various methods of producing graphene

yields a product that is distinct, with a drop in mobility being particularly noticeable

in the more up–scalable techniques. Thus when comparing spectroscopic investiga-

tions, the type of graphene, and its likely form and quality, must be considered.

Furthermore, many of the production methods are still in their infancy, with great

improvements in quality and domain size of product in recent years. Therefore, two

studies on nominally similar graphene could be investigating very different materials.

In the decades preceding the first isolation of graphene, several attempts were

made to produce a single layer of graphite, already predicted to have special properties

[50]. As far back as 1960, Fernandez-Moran had mechanically exfoliated ∼ 15 layers

of graphene in a search for electron microscopy support membranes [51]. Iijima used

adhesive tape to cleave graphite crystals for the same purpose, foreshadowing Geim

and Novoselov’s successful method, but then used ethylene dichloride to separate the

flakes and leave them in suspension [52]. Other researchers attempted the reduction

of oxidized graphite [53], with little success. Later attempts included the use of an

AFM cantilever to peel off a single layer, again without success [54].

In the context of these complicated attempts to isolate a monolayer of graphene,

the simplicity of Geim and Novoselov’s Scotch tape method of producing mechanically

exfoliated graphene stands out [3]. Their success in 2004 fuelled both the experimental

exploration of graphene, and renewed interest in previously unsuccessful production

methods. Epitaxial growth of graphene rapidly followed, and since then the reduction

of graphene oxide, liquid-phase exfoliation and chemical vapour deposition have shown

promise as large-scale means of producing graphene for technological exploitation.
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3.3.1 Mechanical exfoliation

Geim and Novoselov’s method used common adhesive tape to apply the weak force

(300 nN/µm2 [55]) required to overcome the inter-layer Van der Waals interaction in

graphite [3]. The resulting pieces of graphite and graphene were transferred to a

silicon dioxide substrate, where contrast between the substrate and graphene allows

the observation of a monolayer. In this way, pristine mono- and few-layer graphene

was isolated, and used to investigate graphene’s electronic properties.

Presently mechanical exfoliation yields the best quality graphene, with extremely

high mobilities [56, 57]. However, its production is time consuming, and not viable on

a large scale. In order to make use of graphene’s electronic properties in low cost

applications, focus has shifted from mechanical exfoliation to chemical methods of

production, despite the resulting loss of quality of graphene.

3.3.2 Epitaxial Growth

An early contender to mechanical exfoliation, epitaxial growth of graphene involves

the thermal treatment of silicon carbide SiC (0001), resulting in the sublimation of

the Si atoms, and a reorganisation and graphitisation of the carbon-enriched surface

to form layers of graphene [58]. The observation of graphene’s properties on these

samples, notably the anomalous quantum Hall effect, led to the initial belief that

monolayers of graphene were formed on the SiC surface [59]. However, Raman and

STM studies have since shown that this is not the case, and in fact 10-20 layers

are produced [60]. This should prohibit the observation of graphene like properties,

as graphitic AB stacking breaks the equivalence of the two atoms in the graphene

lattice. Fortunately, rotational stacking faults develop during the growth process,

which electronically decouple the layers from one another, and so gives the effect, and

electronic properties of, a monolayer.

Originally, epitaxial graphene was grown at 1300 ◦C under vacuum [59]. Graphene
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prepared in such a way, however, had very limited lateral extension of graphene crys-

tallites, adversely affecting the electronic capabilities of the material. This issue was

resolved by the graphitisation of Si-terminated SiC (0001) in a 900 mbar argon atmo-

sphere [61]. At the higher temperature required for Si to sublime under this condition

(1500 ◦C as opposed to 1150 ◦C in vacuo), surface diffusion is enhanced such that

the surface reorganisation occurs before the graphene is formed. Thus much larger

domains of graphene form, with a resulting increase of mobility to 2000 cm2/V s at

27 K. The improvement of domain size using this method can be seen in Figures

3.3a and b. Whilst this mobility seems modest in comparison to mechanically ex-

foliated graphene, where mobility can exceed 200, 000 cm2/V s [62], it is sufficient to

make epitaxially grown graphene useful for field-effect devices, and the nature of the

graphene on an insulating SiC substrate allows easy integration into electronic de-

vices. However, there are many defects, non-uniformities and high intrinsic doping

in the graphene, limiting the performance of any devices using this production route.

Additionally, the system is only quasi-2D, the layers are not entirely decoupled, and

cannot be transferred to a different substrate. Thus, other production methods are

needed.

3.3.3 Chemical vapour deposition (CVD)

One of the most promising production methods for large-scale technological applica-

tion of graphene is chemical vapour deposition. It had long been known that CVD

of hydrocarbons on transition metal surfaces could produce thin graphitic layers [65].

Inspired by this, graphene growth using CVD was attempted, using ethylene as the

carbon source, and ruthenium as the substrate [66]. Domains of graphene exceeding

100µm were formed in this way, but the strong metal–graphene interaction limited

both further lateral extension, and carrier transport.

More recently, Bae et al. [63], managed to grow 30-inch sheets of predominantly
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Figure 3.3: a,b, AFM images of epitaxial graphene grown a in vacuo and b in an
argon atmosphere. The increased lateral size is clear in b. Taken from 61. c, 30
inch CVD graphene sheet. Taken from 63. d, TEM image of liquid–phase exfoliated
monolayer (scale bar 500 nm). Taken from Reference 64.
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monolayer graphene on flexible copper substrates (Figure 3.3c), yielding ∼ 125 Ω per

square sheet resistance, and 97.4 % transparency. HNO3 was used to hole dope the

sheets even further than the usual p doping found in CVD graphene, lowering the

sheet resistance of four stacked graphene layers to ∼ 30 Ω per square, three times less

than indium tin oxide (ITO), the material currently used in touch screens. It is thus

highly likely that this method will be used to replace ITO electrodes, particularly

in view of the limited world supply of indium. Indeed, the same group, working in

collaberation with Samsung, have produced an example touch screen device utilising

graphene.

Despite these promising results, CVD fabrication remains linked to expensive

templates, which are only relevant for high performance applications, such as the

devices requiring touch screens [53]. For lower cost, lower performance applications,

wet chemical approaches offer an alternative route.

3.3.4 Wet chemical routes

Whereas mechanical exfoliation uses tape to overcome the Van der Waals interaction

between graphene layers in high quality graphite crystals, wet chemicals can weaken

these interlayer forces by inserting reactants into the interlayer space, and so drive

exfoliation [67]. As these methods are carried out in suspension, they can be easily

applied to large-scale manufacture. A number of wet chemical processes have so

far been shown to yield graphene, including reduction of graphene oxide [67–70], and

liquid-phase exfoliation [64, 71–73].

Wet chemical approaches yield graphene with mobilities at least two orders of mag-

nitude smaller than mechanically exfoliated graphene, more impurities, and smaller

domain sizes (Figure 3.3d)[71, 74]. However, they are methods in their infancy, and

improved results can be anticipated for the future.
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3.4 Terahertz transmission and equilibrium con-

ductivity of graphene

It is well known that at visible wavelengths, the absorbance of a graphene monolayer

is πα, where α is the fine structure constant, independent of wavelength, due to a

constant optical conductivity of πe2/2h [75]. In the THz regime, however, a Drude

absorption peak is expected due to free carriers [76]. This prediction has been tested on

both CVD and epitaxially grown graphene, using both THz TDS and far-IR Fourier

transform interferometer (far-IR FTIR) spectroscopy [76–79].

Dawlaty et al. with epitaxial graphene [77], and Lee et al. [76] and Horng et al.

[78] with CVD grown graphene used FTIR to investigate transmission and hence

conductivity in the THz–Far-IR range. These investigations all found the conductivity

of graphene to be Drude-like in the THz regime, indicating the dominance of intraband

conductivity over interband at low frequencies. A typical result can be seen in Figure

3.4.

Horng et al. in particular tested the validity of the predicted Drude behaviour.

According to a Drude model, the conductivity should have the form σ = [iD/π(ω +

iΓ)], where ω is the frequency, Γ the scattering rate, and D the Drude weight. For

the Dirac fermions in graphene, this has a value D = (vFe
2/~)

√
π|n|, with vF =

1.1 × 106 ms−1 the Fermi velocity and |n| the carrier density. This is in contrast to

the usual Drude weight in classical materials of D = πne2/m∗, as was derived in

Chapter 2.

In order to test this prediction, a gate voltage was applied to the sample to linearly

alter the carrier density from the intrinsic hole doping of CVD grown graphene [3].

It was found that at all carrier densities, the measured D was lower than predicted.

This difference could be explained by electron-electron interactions, ignored in the

Boltzmann transport theory derivation of D. However, one theoretical study inves-

tigating this correction predicted a much larger reduction of the Drude weight than
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Figure 3.4: Typical transmission spectrum of graphene. The increased absorption at
THz wavelengths indicates a Drude type conductivity. At higher wavelengths, the
absorption approaches the constant πα. Taken from Reference 76.
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observed by Horng et al. Alternatively, defect induced electron or hole localisation

could lower the effective free carrier concentration, accounting for the reduced Drude

weight. Further investigation is needed to determine the cause of the discrepancy.

In addition to these FTIR measurements, Tomaino et al. used THz time domain

spectroscopy to map the carrier dynamics of a large area CVD sample on a silicon

substrate with > 90 % monolayer coverage [79]. THz transmission through the sheet as

a function of position was measured, and used to deduce the local sheet conductivity,

σs. They measured an inhomogeneity in σs of between 1.7 × 10−3 and 2.4 × 10−3

S, which they ascribed to variations in doping level. These conductivity values are

30 times greater than the constant conductivity at optical wavelengths, suggesting

intraband transitions dominate the conductivity, in agreement with FTIR studies.

This hypothesis was confirmed by an agreement between the THz conductivity and

dc conductivity measured using a four probe technique. This work highlighted the

benefits of using THz spectroscopy as a contactless probe of conductivity.

A Fourier transform of these THz TDS results yielded the frequency dependent

transmission through the sample. Tomaino et al. found a flat, featureless response

up to the the experimental bandwidth of 2 THz, suggesting the probe frequencies

were well below the Drude roll-off frequency, in contrast to the FTIR measurements

described above.

In a further THz TDS study on CVD-grown graphene, Maeng et al. used a gate

voltage to modulate the carrier density, similarly to Horng et al. [80]. The optical

conductivity was again found to be spectrally flat, with the magnitude of conductivity

related to the carrier density. When the Fermi level was tuned to be close to the

Dirac point, so that carrier density was minimal, the conductivity was observed to

be independent of n at room temperature. Away from the Dirac point, however,

the optical conductivity varied as
√
n. Both of these observations can be explained

within a Drude framework, in the two separate regimes of low and high carrier density.
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Additionally, chemical doping using viologen [81] was used to reduce the p-type doping

of the CVD-grown graphene, and shown to have an identical effect to modulation of

the carrier density by applying a gate voltage.

There has been little investigation of the discrepancy between these spectrally flat

THz TDS results and the FTIR measurements. A further FTIR study by Choi et

al. on both mono and multilayer epitaxially grown graphene samples indicated that

the Drude roll-off frequency for monolayer samples was higher, and the conductivity

drop much smaller than for the multilayer sample [82]. Thus the quality of the sample

potentially effects the observed conductivity form.

3.5 Pump-Probe Spectroscopy

An alternative form of spectroscopy, pump-probe spectroscopy, allows the time do-

main investigation of excited carrier dynamics. An understanding of the ultrafast

relaxation dynamics of carriers in graphene is essential for designing new graphene-

based optoelectronic devices [83]. An optical pump pulse (usually λ ∼ 800nm) is used

to photoexcite the sample, and a weaker probe pulse is subsequently used to map the

cooling of these hot carriers with sub-ps resolution by comparing the transmission

of the probe beam with and without the excitation pulse. By using a THz probe,

the ultrafast relaxation dynamics of low energy carriers near the Dirac point can be

studied. However, most work so far has used higher energy IR probes, and so we

briefly review these studies here.

3.5.1 Optical Pump–Optical Probe

The first studies of graphene using this method used the then new epitaxial growth

method for producing samples. Dawlaty et al. investigated samples with between 6

and 37 layers of epitaxial graphene, using a 780 nm pump and probe beam [84]. They

found that upon excitation, probe transmission increased rapidly (photo-induced
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bleaching) due to state blocking, followed by a relaxation on two distinct exponential

time scales, as seen in the bottom section of Figure 3.5. A first, fast relaxation time

of 70-120 fs was followed by a slower time of 0.4-1.7 ps. The first time scale was at-

tributed to the equilibration of the photoexcited carrier populations by carrier-carrier

intraband scattering. A subsequent thermalisation by carrier-phonon scattering was

attributed to the longer time constant. A schematic of this relaxation can be seen in

top section of Figure 3.5.

Later works used a longer wavelength probe, but found broadly similar results to

Dawlaty et al., differing only in the interpretation of the cooling mechanisms. Newson

et al. studied mechanically exfoliated graphene of varying layer number [85]. A similar

two time constant decay was found, with the longer time scale attributed to a mixture

of carrier-phonon and carrier-carrier scattering. Additionally, it was found that the

results were similar for 1-3 layers of graphene. For more the 3 layers, however, the

second time constant was found to lengthen, highlighting the importance of inter-

layer interactions. Hale et al. [86] and Wang et al. [83] observed the familiar two time

constant decay on exfoliated and CVD grown graphene respectively, but interpreted

the longer decay as a bottleneck in cooling due to anharmonic decay of hot optical

phonons. Ruzicka et al. demonstrated that the diffusion coefficients in epitaxially

grown graphene and reduced graphene oxide (RGO) differed by only a factor of two

(1.1×104 cm2s−1 and 5.5×103 cm2s−1 respectively) [87]. This is an encouraging result,

considering the low cost of RGO fabrication. Other than this result, however, there

have been few direct comparisons between different types of graphene.

Optical pump–probe spectroscopy can yield important information about carrier

dynamics. However, the high energy probe can study only interband transitions. To

investigate the intraband response, terahertz (THz) length radiation is preferable [46].
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Figure 3.5: TOP a, Band structure of graphene showing effect of optical pump.
b, Distribution of carriers immediately after pump. c, Equilibration of carriers by
carrier-carrier scattering. d, Subsequent cooling of hot carrier distribution by carrier-
phonon scattering or recombination. BOTTOM Typical transmittivity transient
seen in optical pump-probe experiments. Decay is characterised by two time con-
stants, τ1 and τ2. Taken from Reference 84.
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3.5.2 Optical–pump terahertz–probe spectroscopy

Due most likely to the relative novelty of THz techniques [88], even fewer investigations

have utilsed a THz rather than optical or IR probe beam, and of these epitaxially

grown graphene has been tended to be used. As a result of this preference, results

have mainly been performed on a number of graphene layers, rather than a monolayer.

Kampfrath et al. studied a sample consisting of enough layers of graphene to be

considered graphite [89]. The 17 nm thick graphite had the same linear dispersion rela-

tion around the Dirac point as graphene, and so the optical pump provided the same

excitation as was shown in Fig 3.5. A 780 nm femtosecond Ti:sapphire laser oscilla-

tor was used both to excite the sample, and to generate THz pulses from frequency

mixing in a GaSe crystal, yielding a spectral range of 8 to 30 THz.

In the experiment, the THz signal through the graphite film was sampled as a

function of pump-probe delay time, τ , and the associated change in complex dielec-

tric function, ∆ετ determined. As a function of time, the THz signal decayed in a

similar manner to the optical probe experiments discussed previously. In the fre-

quency domain, it was found (Figure 3.6), that the imaginary part of ετ , and hence

the transmittivity, increased below 15 THz (photo-induced bleaching), but decreased

above that (photo-induced absorption). It was concluded that this effect can be ex-

plained by the interplay between direct optical transitions (DOTs) and indirect optical

transitions involving a change in carrier momentum (IOTs). Specifically, exciting the

sample with the pump pulse transfers electrons to the conduction band. After 0.5 ps,

the hot electrons thermalise, and can be described by a Fermi-Dirac distribution with

electronic temperature Te. The newly created electron-hole pairs block some DOTs,

limiting the absorption of photons of energy ∼ kBTe. Simultaneously, however, the

hot distribution enables additional IOTs, hence increasing the absorption in the THz

range.

For further analysis, the IOT change in dielectric function was modelled using
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Figure 3.6: (a) Change in THz electric field as a function of pump probe delay, τ .
(b)Pump induced changes in complex dielectric function at τ=0.5ps after photoexci-
tation. Taken from Reference 89.

Drude formalism: εIOT = −ω2
pl/(ω

2 + iγω), where γ is the Drude relaxation rate. By

comparing the electronic temperature Te to the equivalent temperature of the pump

photons (1200 K), it was observed that within the pump-probe delay time of 500 fs,

the electron distribution cools rapidly, losing more than 90% of its initial energy.

This was considered to be due to strong coupling of the electrons to hot phonons.

This conclusion mirrors the hot phonon bottleneck explanation of Hale et al. and

Wang et al. discussed previously [83, 86]. The subsequent slower cooling of 7 ps is

determined by the time for heat transfer from hot phonons to cold lattice modes.

Kampfrath concluded that an increased relaxation rate from the SCOPs may limit

the performace of graphene in electric circuits.

The first time resolved THz study on true graphene was performed by George et al.

[46]. Two epitaxially grown graphene samples were investigated: sample B consisting

of ∼12 carbon atom layers, and sample C of ∼20 layers [46]. Raman spectroscopy,

an important tool in the analysis of the quality of graphene [34], showed that sample

C contained significantly more disorder than sample B. The layers adjacent to the

SiC substrate had a much larger carrier density than the further out, intrinsic layers.
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It was found that the intrinsic layers dominated the change in terahertz intraband

conductivity, so that the adjacent layers could be safely ignored in the analysis.

George et al. used a photo-conductive switch [90], and electro-optic sampling [91],

to produce and detect pulses with bandwidth 0.3-3 THz. The graphene was excited

by 90 fs pulses from a 780 nm Ti:sapphire laser, delivering 1–16 nJ of energy to a

350µm spot size. It was found that the photoexcitation of graphene increased the

absorption of the THz field, but did not cause a time delay in the transmission of

the pulse. In frequency space, this corresponds to a flat, dispersionless real photo-

induced conductivity with a negligible imaginary part. This is a result of the ultrafast

momentum relaxation time in graphene, and is common to all the THz-TDS studies

working in this low frequency range. Therefore, all such works have tracked only

the peak of the THz pulse as a function of pump-probe delay time, rather than

investigating the full photo-induced conductivity spectrum.

George et al. found that transmittivity through the graphene as a function of

probe delay showed an initial rapid decrease, caused by an increase in conductivity

due to the cooling of the thermalised carrier distribution, followed by a slower, few

picosecond, non-exponential increase resulting from first intraband phonon scattering,

then electron-hole recombination (Fig. 3.7). Thus the optically pumped electrons are

once again behaving as in the schematic in Fig. 3.5.

Possible recombination mechanisms could include a combination of plasmon emis-

sion, phonon emission and Auger scattering. The recombination processes were mod-

elled using simple coupled rate equations, expressing the recombination rate as a

quadratic function of electron density n, R(n) = B(n2−n2
eq), where neq is the carrier

density at thermal equilibrium, and B is a fitting function. For sample B, a constant

value of 1.8 cm2s−1 for B was found to provide a good theoretical model for the ob-

served reflectivity (see black line in Fig. 3.7). Thus recombination rates depend on

carrier density. For sample C, the value was 3.1. The recombination rate for sample
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Figure 3.7: a, The measured change in the real part of the complex amplitude trans-
mission (grey), and theoretical model (black). Inset: Closer view of inital rapid fall.b,
The same data on a logarithmic scale, showing that the slow decay is not exponential.
Taken from Reference 46.
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C was twice that of sample B, showing that increased disorder increases recombi-

nation rates. The calculated recombination rates were ∼ 2 times higher than that

predicted for Auger scattering alone [92], suggesting multiple recombination mecha-

nisms are involved. The model was also well able to take into account the increased

initial transmission drop when higher pump pulses were used to excite the samples.

In a similar work, Choi et al. used THz TDS to investigate fewer layers of epi-

taxial graphene than George et al., comparing nominally monolayer graphene and

multilayer (∼ 5 layers) [82]. Low-energy electron microscopy (LEEM), angle-resolved

photoemission spectroscopy (ARPES), and scanning tunnelling microscopy (STM)

[93, 94] showed the monolayer sample to consist of single-crystalline nanoribbon-like

terraces of monolayer graphene, with widths from 60 to 250 nm. These comparatively

small widths are characteristic of early epitaxially grown graphenes (see Section 3.3.2).

Choi et al. employed 500µm thick ZnTe crystals for both optical rectification [95]

and electro-optic sampling to produce and detect THz pulses with bandwidth 0.5-

3 THz [96]. An 800 nm Ti:sapphire regenerative amplifier was used to pump both the

THz generation and the graphene samples, resulting in a maximum incident fluence

of 0.9µJ/cm2 on the samples. Once again, only the transmission of the peak of the

THz pulse through the graphene was tracked, due to the dispersionless nature of the

material.

In contrast to George et al., a monoexponential decay of the photo-induced ab-

sorption was observed for both mono and multilayer samples. In such few layer

epitaxial samples, the graphene is highly n-doped by the substrate, unlike thicker

samples where the THz response is dominated by the undoped layers away from

the substrate. Thus the THz response can reflect changes in minority and majority

carriers.

To model their monoexponential absorption decay, Choi et al. assumed a mo-

noexponential decay of photoexcited carrier density n = p = p0exp(−t/τR) where
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Figure 3.8: Monoexponential decay of photo-induced absorption in mono- and mul-
tilayer graphene observed by Choi et al. The dashed (dotted) lines represents the
electron (hole) contribution from their conductivity model, showing the dominance
of the hole response. Taken from Reference 82.
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p0 = n0 = 4.6 × 1010 cm−2 is the initial photoexcited carrier density corresponding

to a pump fluence of 0.9µJ/cm2, and τR =1.3 ps and 1.2 ps for mono and multilayer

graphene respectively. For a given carrier temperature, this allowed the photo-induced

conductivity for electrons and holes to be calculated.

By comparison of the observed data to this model, it was found that the hole

contribution to this conductivity far outweighed the electronic contribution. Further-

more, allowing for cooling of the carrier temperature had little effect on the calculated

conductivity. Thus the THz response is dominated by the recombination of the minor-

ity hole carriers, with a largely fluence independent recombination time τR '1.2 ps.

This time is consistent with that predicted for Auger and phonon-mediated recombi-

nation by some theoretical works [92].

More recent theoretical work on carrier recombination has suggested characteris-

tic time scales shorter than one picosecond could be observed, particularly plasmon

scattering [97–99]. To investigate the inconsistency of experimental results with the-

oretical behaviour, Strait et al. performed THz TDS on 14-layer epitaxially grown

graphene at different substrate temperatures [100]. Terahertz pulses were produced

and detected using photoconductive antennas, and the sample excited by 780 nm,

11.4 nJ pump pulses with spot size 1 mm2.

Upon excitation of the sample with the pump beam, the THz transmission fell

sharply, similarly to previous investigations, with a system resolution limited time

scale of ∼ 1 ps (Figure 3.9). The transmission then recovered over a period of tens

of picoseconds at room temperature, but hundreds of picoseconds at low substrate

temperatures. At these low temperatures, two distinct time scales are clear, a first,

‘fast’ recovery lasting around 50 ps, then a much longer recovery lasting hundreds

of picoseconds. Additionally, the magnitude of the peak pump induced transmission

change (|∆T |) is of greater magnitude at lower substrate temperatures.

These observations were modelled using rate equations. Immediately after pho-
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3.5 Introduction to graphene and two-dimensional materials

Figure 3.9: The differential THz probe transmission measured by Strait et al. as a
function of pump probe delay time and substrate temperature, shown on logarithmic
scale. Two time constants can clearly be seen at lower substrate temperatures. Taken
from Reference 100.

toexcitation, the hot carriers were assumed to thermalise by carrier-carrier scattering

(as in Figure 3.5), leaving the carriers in Fermi-Dirac distributions with well defined

Fermi Levels, Efe and Efh for electrons and holes respectively. The subsequent evo-

lution of electron, hole and phonon distributions was then modelled, incorporating

previously published models for optical phonon scattering [83, 98], Auger scattering [92],

acoustic phonon scattering [101] and plasmon decay [97]. This model accounted well

for the observed data, and suggested the following mechanism for carrier cooling:

Immediately after thermalisation, optical phonon generation rapidly cools the

initially large carrier temperature. For times < 1 ps, Efh is greater than Efe, and so the

carrier generation rate exceeds the carrier recombination rate, increasing the electron

and hole densities. This generation also assists in carrier cooling. This accounts for

the increase of photo-induced absorption (and hence also photo-induced conductivity)

up to 1 ps. After 1 ps, the situation is reversed, Efe > Efh, and so carrier population

decreases and optical phonon scattering reduces the photo-induced absorption.

The generation of optical phonons in this initial period gradually raises the tem-

perature of the phonon distribution, until the rising optical phonon temperatures
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and the falling carrier temperatures match. As the carrier distributions cool further,

inter- and intraband scattering by optical phonons becomes inefficient. As scattering

by acoustic phonons is also inefficient in graphene [102,103], this causes a bottleneck

in the cooling, and accounts for the slowing of the recovery of the THz transmis-

sion, an explanation similar to that of the more recent optical pump–optical probe

measurements [83, 86].

The experiment was re-run on a graphene sample consisting of 30 layers, yielding

almost identical results, despite more than doubling the thickness of the sample.

These results show the importance of optical phonons in graphene-based optical and

electronic devices, with the relatively high energy of optical phonons in graphene

(0.196 and 0.162 eV [34]) standing out in comparison to other semiconductors.

Terahertz spectroscopy has thus been put to good use investigating the cooling

of photoexcited carriers in graphite and epitaxial graphene. The four papers dis-

cussed here have shown broadly similar results: photo-induced absorption of low

photon energy probes (as opposed to the photo-induced bleaching observed in optical

pump-optical probe experiments), a rapid change upon photoexcitation, and a room

temperature relaxation over a few picoseconds. However there are still some differ-

ences in the interpretation of cooling mechanisms, perhaps related to the different

samples investigated, which range from nanoribbon-like monolayers to many layered

graphite, and the production method chosen to grow the samples.

Chapter 4 describes the use of THz TDS to investigate the photodynamics of CVD-

grown graphene, revealing an unexpected sensitivity to gaseous adsorbates, not seen

in the above studies. Subsequent to this work, several other THz TDS investigations

of CVD-grown graphene were reported [104–106]. These studies are discussed at the

end of Chapter 4.
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3.5.3 Theoretical results and THz lasing

In addition to the experimental results described above, some authors have published

theoretical works on the intraband conductivity of graphene. In particular, Ryzhii

et al. used a model incorporating both the inter- and intra- band conductivities to

calculate the frequency response of optically excited graphene [107]. Treating the

photoexcited carriers as quickly thermalising to a Fermi distribution, as observed in

the previous sections, and using a Drude mechanism, they calculated the real part of

the conductivity, which is proportional to the absorption coefficient of the graphene.

Their results are shown for weak pumping in Figure 3.10, for various values of optical

pump intensity, at a temperature of 77 K. This is therefore the form of conductivity

that a THz TDS investigation of graphene could expect to see. They further showed

that under strong pumping, population inversion can be achieved, resulting in a

negative net conductivity in the THz range, and hence negative absorption coefficient.

Experimental observations of this behaviour have recently been reported [108]. Thus

it may be possible to use graphene as a coherent source of THz radiation utilising

stimulated photon emission - it could be possible to use graphene as a THz laser.

Following this work, Rana has shown the potential application of graphene for

plasmon amplification [109]. Plasmons, charge density waves, have been shown to be

in the THz range in graphene [110]. Utilising the population inversion of Ryzhii et

al., Rana has provided a model for potential plasmon oscillation. A step towards the

realisation of this model was accomplished by the frequency tuning of plasmons in

graphene micro-ribbons by Ju et al. [111].

3.6 Other 2D materials

The isolation and success of graphene renewed interest in other 2D materials. Initially

focus was placed on hexagonal boron nitride (h–BN), a III–V compound with a similar

hexagonal structure to graphite, and sometimes referred to as white graphite. Its
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Figure 3.10: Frequency dependence of normalised real part of the ac conductivity of
graphene as a function of frequency, for different intensities of optical pump radiation.
Taken from Reference [107].
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structural similarities to carbon were supported by the experimental realisation of

BN nanotubes [112]. Synthesis of very thin (a few to ten layers) of h-BN was achieved

using the same mechanical exfoliation technique used for graphene [113]. These sheets

can be thinned down to monolayers in the high–energy beam used in TEM [114].

In the case of BN, the lateral, in plane symmetry is broken, rather than the

symmetry in the direction of the c–axis, as for bilayer graphene. The inequivalence

between the boron and nitrogen atoms induces a band gap. Single- and few-layer

h-BN show promise as a wide band gap material with excellent mechanical, electrical

and optical properties. It posses an almost identical lattice constant to graphene,

suggesting a joint use of the materials in composite devices [114], and could even

be used to induce a band gap in graphene [113]. Indeed, the highest mobilities in

CVD-grown graphene have been acheived by using a h-BN monolayer to isolate the

graphene layer from the mobility limiting effects of other substrates [115].

However, the large bandgap of h-BN limits its use as a semiconductor. For semi-

conducting 2-dimensional applications, attention has now turned to transition metal

dichalcogenides.

3.6.1 Transition metal dichalcogenides

Transition metal dichalcogenides are a family of materials of the form MX2, where M is

a transition metal of groups 4-10, and X is a chalcogen (S, Se or Te). These materials

show a broad range of properties, ranging from insulators and semiconductors to

semi-metals, metals and superconductors [7]. These properties are summarised in

Table 3.1.

Many TMDs crystallise into graphite-like layered structures. Each layer is com-

posed of a layer of metal atoms surrounded on each side by a layer of chalcogens, as

shown in Fig 3.11. This triple layer of material is referred to as the monolayer of the

TMD. In the bulk structure, the monolayers are held together by weak van der Waals
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Table 3.1: Electronic characteristics of TMD materials. [116]

Group M X2 Properties
4 Ti, Hf, Zr S, Se, Te Semiconducting

5 V, Nb, Ta S, Se, Te Narrow band metals or semimetals

6 Mo, W
S, Se Semiconducting
Te Semimetals

7 Tc, Re S, Se, Te Small-gap semiconductors

10 Pd, Pt
S, Se Semiconducting
Te Metallic

forces, and so layers can be easily exfoliated in the same way as graphite.

Although TMDs have been studied in their bulk form for decades [7, 117,118], it is

only since the advent of graphene that their 2-dimensional forms have been purpose-

fully sought. The first of these materials to be exfoliated was molybdenum disulphide

(MoS2), hailed as a ‘semiconducting analogue to graphene’ [6, 119].

Monolayers of MoS2 have been prepared by mechanical exfoliation [119], liquid ex-

foliation [73], and more recently chemical vapour deposition [120–122]. As for graphene,

the best quality material has so far been produced by mechanical exfoliation, but

ultimately CVD growth is required for commercially viable MoS2 applications [1].

More recently, other semiconducting TMDs have been produced, including tungsten

diselenide (WSe2) [123] and molybdenum diselenide (MoSe2) [73].

Electronically, MoS2 shows much lower mobilities than graphene, with values that

largely depend upon the environment around the material. However, its natural

bandgap is a great advantage for many applications, such as transistors [6, 19,124,125],

where high on-off current ratios have been achieved. In the semi-metal graphene, the

lack of bandgap effectively prevents the switch to an ‘off’ state, limiting its potential

for transistor type applications [1].

Arguably more excitingly is the opto-electronic application of monolayer MoS2.
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Figure 3.11: The structure of a graphite-like TMD monolayer. A layer of metal atoms
is surrounded both above and below by a layer of chalcogen atoms.

In its bulk form, MoS2 is an indirect gap semiconductor . As MoS2 is reduced towards

the monolayer form, the indirect transition increases in energy due to extra vertical

confinement. By monolayer MoS2, the indirect transition energy is greater than a

direct transition at 1.8 eV, thus monolayer MoS2 is a direct gap semiconductor [119].

This change is associated with a factor of 104 increase in photoluminescence (PL)

quantum yield. Thus the optoelectronic properties of MoS2 can be easily tuned by

changing the number of MoS2 layers present. This effect is also observed in other

semiconducting TMDs, such as WSe2
[126].

Photoluminescence measurements have also identified the presence of trions in

MoS2 and WSe2
[127–129] . The optical absorption spectra of these materials show two

prominent peaks, long identified as the ‘A’ and ‘B’ excitons at the direct gap transi-

tion. The higher energy ‘B’ exciton arises from a splitting of the valence band due to

spin-orbit coupling. Studying the photoluminescence associated with these excitons

in heavily doped MoS2, Mak et al. observed an additional peak at a slightly lower

energy than the ‘A’ exciton peak, that was dependent upon the electron concentra-

tion [127]. This peak showed the presence of negative trions, bound quasi-particles

consisting of two electrons and a hole. The trion binding energy, the energy required

to remove the extra electron and leave a normal exciton, was found to be 18 meV, in

the terahertz range.

Additionally, MoS2 has demonstrated ultrafast behaviour, showing potential for

use in high-speed electronic and opto-electronics. Korn et al. measured the PL
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from monolayer MoS2 as a function of time after photoexcitation by a 400 nm pump

pulse [130]. They found that PL intensity decreased rapidly within 5 ps, followed by a

temperature dependent longer decay period, ranging from 50-100 ps for temperatures

above 180 K. Wang et al. used optical-pump optical-probe spectroscopy to investigate

few-layer MoS2
[131]. Photoexcitation of the sample reduced the absorption of the

optical probe, due to phase-filling effects. This absorption decrease decayed on a

timescale of 100 ps. Transient absorption spectroscopy on mono-layer MoS2 by Shi et

al. found three timescales, an ultrafast 2 ps component, followed by longer decays of

∼ 70 ps and ∼ 800 ps [132].

However, these measurements were not able to observe the conductive species of in-

terest for opto-electronic applications directly. Furthermore, of the various monolayer

TMDs now available, only MoS2 has been studied using time-resolved techniques. In

Chapters 5 and 6, THz time domain spectroscopy is used to investigate the ultrafast

nature of monolayer MoS2, WSe2 and MoSe2.

3.7 Carbon nanotubes

Although not a 2-dimensional material, carbon nanotubes (CNTs) are also considered

in this thesis as a material for ultrafast THz applications. Carbon nanotubes can be

thought of as rolled up sheets of graphene. Depending on its chirality, a nanotube can

be either metallic or semiconducting, i.e. the band gap is controlled by the direction

of rolling of the graphene sheet [133]. Combined with very high mobilities [134], this

makes nanotubes a good alternative to graphene, although the enhanced electronic

properties of graphene [36] may make graphene a more attractive option for future

devices.

Carbon nanotubes pre-date graphene by over a decade [135], and have been the

subject of a huge research effort. A review of carbon nanotubes, and their opto-

electronic properties can be found in Reference 136.
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The intrinsic anisotropy of 1-dimensional nanotubes makes them useful for the po-

larisation of electromagnetic waves [137,138]. Single-walled carbon nanotubes (SWC-

NTs) have been shown to have a particularly strong optical anisotropy [136]. By

embedding SWCNTs in a polymer film, and stretching the film to align all the nan-

otubes in one direction, Shojii et al. demonstrated polarisation of broadband optical

radiation [137].

SWCNTs are particularly promising for THz frequency radiation. To realise the

potential of THz waves in a range of applications, from communications to secu-

rity, devices are required to modulate and polarise the THz radiation, and encode

information on the wave. Few devices, however, currently exist [13, 139].

Using the anisotropic THz absorption of metallic SWCNTs, Ren et al. have

demonstrated THz polarisation by aligned SWCNTs, achieving 80% absorption when

the nanotubes were aligned with the THz radiation, and almost no attenuation when

the nanotubes were perpendicular to the polarisation of the THz waves [140]. The

performance of such a polariser can be improved by stacking layers of the aligned

nanotubes, producing a device capable of competing with expensive metallic wire-

grid polarisers, the current standard THz polarisers [141].

Semiconducting SWCNTs also show promise for THz devices. Photoexcitation

of semiconducting nanotubes generates excitons aligned along the length of the nan-

otube, retaining the highly anisotropic nature of the nanotube [142–144]. These excitons

strongly absorb THz radiation, thus for the lifetime of the excitons THz radiation

aligned with the nanotubes can be absorbed, allowing dynamic THz polarisation.

Such a THz polariser was demonstrated by Xu et al. [145]. Semiconducting SWC-

NTs were embedded in a gelatine matrix. The SWCNT-gelatine matrix was stretched

to align the nanotubes along one direction. The absorption of THz probe in the matrix

was examined as a function of time after photoexcitation by a 800 nm probe beam.

When the nanotubes were aligned parallel to the polarisation of the THz wave, pho-

59



3.7 Introduction to graphene and two-dimensional materials

toexcitation induced a strong absorption of the THz probe, which decayed on two

timescales - a first fast decay of several picoseconds followed by a longer decay over

hundreds of picoseconds. In contrast, if the nanotubes were aligned perpendicular

to the THz wave, no additional absorption was found after photoexcitation. Thus

ultrafast transient THz polarisation was achieved.

In Chapter 7, this idea is further developed to demonstrate tunable dynamic THz

polarisation.
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Chapter 4

Sensitivity of graphene
photoconductivity to
environmental gases

Before the unique properties of graphene can be used in terahertz-frequency elec-

tronics, the THz response of graphene must be studied. In this Chapter it is shown

that the photoconductivity of graphene at terahertz frequencies is dramatically al-

tered by the adsorption of atmospheric gases, such as nitrogen and oxygen. Further-

more, the signature of terahertz stimulated emission from gas-adsorbed graphene is

observed. These findings highlight the importance of environmental conditions on the

design and fabrication of high-speed graphene-based devices.



4.1 Sensitivity of graphene photoconductivity to environmental gases

4.1 Introduction

The experimental realisation of graphene, a single layer of graphite, in 2004 [3] rapidly

led to the observation of massless Dirac fermions and the half-integer quantum Hall

effect[37]. Since then many potential applications have been suggested that make use of

graphene’s unique properties [146]. Recently graphene-based touch-screen displays[63],

transistors[18, 147], and integrated circuits[148] have been demonstrated. The combi-

nation of high mobility and transparency make graphene especially suited to use

in opto-electronic devices [146,149]. The high mobility of charge carriers in graphene

makes it an ideal material for extremely high-speed devices[18, 147], indeed terahertz

frequency switching has been predicted[146]. The potential for the realisation of such

devices was greatly enhanced by the emergence of large area graphene sheets grown

by chemical vapour deposition (CVD) [150]. However, the design and production of

these high-frequency devices requires a fuller understanding of both nonequilibrium

carrier dynamics in graphene [83], and its susceptibility to environmental conditions

[151].

Ultrafast spectroscopic techniques provide an excellent probe of non-equilibrium

carrier dynamics in graphene[152]. Ultrafast cooling and relaxation of photoexcited

charge carriers in graphene have been observed using optical pump–optical probe

spectroscopy. As was discussed in Chapter 3, several studies [83, 84,86] have shown that

graphene becomes more transparent at optical frequencies after intense photoexci-

tation (photoinduced bleaching), owing to state blocking of interband absorption.

Furthermore these studies showed that thermalisation of photoexcited carriers occurs

within tens of femtoseconds, and a subsequent cooling by carrier–phonon interactions

occurs on a picosecond timescale.

While optical photons probe interband charge dynamics, terahertz frequency pho-

tons are excellent probes of intraband dynamics. Studies of intraband relaxation in

epitaxially-grown graphene have been performed using optical pump–terahertz probe
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spectroscopy (OPTPS) [46, 82,100]. Generally these studies revealed that the absorption

of the terahertz photons in epitaxially grown graphene increases after intense (inter-

band) optical excitation due to an increase in the density of mobile charge carriers

after photoexcitation.

In this study, we used terahertz time domain spectroscopy to measure the photo-

conductivty of CVD grown graphene in four different environment types: air, oxygen,

nitrogen and vacuum. We demonstrate that CVD grown graphene can display ei-

ther photoinduced bleaching or photoinduced absorption depending on the type and

density of gas adsorbed on its surface. Our results highlight the dramatic effects en-

vironmental conditions have on the high-frequency electrical properties of graphene.

These results have important implications for the design of future graphene electronic

devices. In particular, the order-of-magnitude changes in photoconductivity we ob-

serve could provide a basis for precise graphene based gas monitors. Conversely, the

sensitivity of the optoelectronic properties of graphene to environmental conditions

will need to be addressed during the design and fabrication of future devices.

4.2 Sample preparation

Large-area graphene films were prepared by chemical vapour deposition (CVD) on

25µm copper foil (Alfa Aesar). Prior to the growth, the copper foil was heated in hy-

drogen from room temperature to 1000 ◦C for 60 minutes for removal of surface oxides.

As temperature reached 1000 ◦C, a mixed flow of H2 (15 sccm) and CH4 (60 sccm) was

introduced for graphene growth. After CVD, the graphene film was separated from

copper foil and then attached to the z-cut quartz substrate by the polymer trans-

fer process: Poly(methyl methacrylate) (MicroChem Co., NANO PMMA 950K A4)

was spin-coated on graphene/copper foil to form a protective layer. The copper foil

was etched at 25 ◦C in ferric nitride solution (50 g/L, J.T.Baker ACS reagent, 98%),

leaving a transparent PMMA/graphene film floating on the solution. After rinsing,
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the film was transferred onto the quartz substrate, and the PMMA capping layer

was dissolved in acetone at 60 ◦C overnight. In order to remove the residual PMMA,

graphene films were annealed at 450 ◦C at 500 Torr in the mixed gases of H2 (20 sccm)

and Ar (80 sccm) for decomposition of the polymer. It should be noted that sam-

ple growth, and Raman and AFM characterisation of the samples were provided by

the group of Lance Li at the Institute of Atomic and Molecular Sciences, Academia

Sinica, Taiwan.

4.3 Sample characterisation

Primary characterisation of the sample was performed by Raman spectroscopy using

the Raman system described in Section 2.6. Monolayer graphene has a well-known

Raman signature that distinguishes it from bi- or multi-layer graphene, consisting of

a ‘G’ peak at 1580 cm−1, a ‘D’ peak at 1350 cm−1, and a ‘2D’ peak at 2700 cm−1.

The ratio of intensities of the G and 2D peaks can be used with the shape of the 2D

peak to determine the number of layers, whilst the intensity of the D peak provides

a measure of the quality of the sample [34].

A typical Raman spectrum of the CVD graphene samples is shown in Figure 4.1,

exhibiting a Lorentzian-shape 2D Raman peak, and a ratio of intensities of the 2D

and G peaks I2D/IG ≈ 2, which is indicative of monolayer growth. Additionally, the

relative weakness of the D peak demonstrates the small number of defects and low

disorder in the samples, confirming their high quality.

UV-visible absorption measurements, shown in Figure 4.2 revealed an absorption

of ∼ πα, where α is the fine structure constant, also suggesting monolayer growth [75].

AFM images of nominally identical samples (Figure 4.1b) showed the graphene sheet

thickness measured from the edge to be ∼ 0.72 nm, further suggesting monolayer

growth [153].
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Figure 4.1: a Raman spectroscopy. The relative intensities of the 2D and G peaks
suggest monolayer graphene [34]. Inset Photograph of graphene sheet with area of
1 × 1 cm2 on quartz. b Surface topography of CVD-grown graphene measured by
AFM. The residuals remaining on graphene surface can be attributed to incomplete
decomposition or carbonization of PMMA.
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Figure 4.2: UV-vis absorption spectra of sample. The near constant absorption
of πα at optical wavelengths suggests monolayer growth [75]. The deviation from πα
beyond 500 nm occurs because of nonlinear effects in the band structure of graphene
far away from the Dirac point. The feature at 860 nm is an artefact of the spectrom-
eter.
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4.3.1 Hall measurements

Samples were additionally characterised by room temperature Hall effect measure-

ments based on the Van der Pauw method (3S Co., NI PXI-1033). From the Hall ef-

fect measurements averaged across 8 samples, the sheet resistance, carrier density and

Hall mobility were found to be 1100±350 Ω/�, 8±2×1012 cm−2 and 800±250 cm2/Vs

respectively. The characterizations show that the quality of the graphene samples is

fairly good.

Further Hall effect measurements were performed to examine the equilibrium elec-

trical properties of the graphene samples under different gaseous environments. Two

systems were used for the measurements, one based on a permanent magnet (0.68 T),

and another using a swept electromagnet (0 – 0.91 T). Samples were held in a vacuum

vessel, which could be purged with different gasses. The Fermi levels were deduced

using the relation εF = ~vF

√
πn, where vF ≈ 106 ms−1 [37,111].

The equilibrium carrier density, and hence Fermi level, were found to be relatively

insensitive to the gaseous environment, with variations in n and εF between samples

being greater than changes induced by the gases. It was found that, compared with

vacuum conditions (without laser annealing), exposure to pure nitrogen gas decreased

the carrier density by ∼ 5%, exposure to oxygen increased the carrier density by

∼ 7% and exposure to air increased it by ∼ 3%, correspnding to Fermi level changes

of ∼ 2%, ∼ 3% and ∼ 1% respectively. These changes are consistent with previous

observation of oxygen and nitrogen exposure doping CVD graphene p-type and n-type

respectively [154,155].

It has been shown that photoexcitation by near-infrared laser pulses can cause

additional doping of graphene in the presence of oxygen. However, for the fluences

used in the THz measurements, this effect is expected to be negligible compared to

the equilibrium carrier density [156].
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4.4 Terahertz time domain spectroscopy

In order to assess the influence of atmospheric gas adsorption on graphene we used

terahertz spectroscopy. This technique allowed us to observe intraband charge dy-

namics and investigate the high-frequency electrical properties of graphene. Terahertz

spectroscopy is ideal for electrically characterising surface sensitive materials such as

graphene as it is a non-contact technique, and covers an important frequency range

(∼ 100 GHz – >3THz) for high speed device operation[10]. OPTPS measurements

were performed with CVD-grown graphene samples in an atmosphere of air, N2 or

O2, or in a vacuum. Before each set of measurements, the sample was left under a

vacuum of 10−5 mbar for two hours, to remove existing adsorbants (see Section 4.5 for

Langmuir coverage calculations). For the vacuum measurements, the graphene was

left for a further two hours with 800 nm (1.55 eV) “pump” photons incident upon the

sample before measurement. For the gaseous measurements, 1 bar of air, N2 or O2

was introduced after two hours under vacuum, and measurements were taken after a

further two hours, again with the “pump” beam incident upon the sample. Measure-

ments were found to be reproducible on different samples and were independent of

sample history. That is, the effect of exposure to any of the gases could be “reset”

by placing the sample in vacuum for 2 hours.

4.4.1 Terahertz Transmission

In the terahertz (THz) regime, the absorption of a graphene sheet is expected to

be higher than at visible wavelengths, and to take a Drude free carrier form rather

than a constant absorption [77]. To investigate this for our samples, we used tera-

hertz time domain spectroscopy without photoexciting the sample. The transmis-

sion of the graphene, T , can be found from the transmission through the graphene

and its quartz substrate, Esample, and the transmission through the quartz sub-

strate alone, Equartz. Fourier transforming these time domain measurements yields
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Figure 4.3: Measured equilibrium (non–photoexcited) THz transmission of graphene
sheet in different environments. a In vacuum, b in N2, c in air, d in O2. e-h The
corresponding real part of THz conductivity. Both transmission and conductivity are
mainly constant, with no significant difference between the atmosphere types. The
absorption lines in the air measurement are due to absorption of THz by water vapour
[157].

T (ω) = Esample(ω)/Equartz(ω).

We recorded the non-photoexcited transmission of the sample in all four atmo-

sphere types used in the photoconductivity measurements: vacuum, N2, ambient air

and O2. These data are presented in Figure 4.3a-d. From these data, the real part of

the complex conductivity of graphene can be extracted using Equation 2.18, namely

σ(ω) =
1 + ns

Z0

(
1

|T (ω)|
− 1

)
, (4.1)

where Z0 is the impedance of free space, Z0 = 377 Ω, and ns is the refractive index

of the quartz substrate, nr = 2.1 [158] at terahertz frequencies. The real part of this

conductivity in each environment type is presented in Figure 4.3e-f. Due to small

mismatches in thickness between the graphene on quartz sample and quartz reference,

the imaginary part of the conductivity cannot be reliably calculated for these samples.
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However, previous studies have shown Im(σ) to be negligible for graphene in the THz

region [79, 80].

Both transmission and conductivity in all environments are roughly uniform and

featureless over 3 THz, suggesting that the Drude scattering rate is higher than the

bandwidth of our measurements [79]. It should be noted that the sensitivity of these

measurements is lower than the pump-probe measurements of the following section

due to difference between the sample and reference substrate. There is no evidence

of a bandgap opening due to adsorption of gas molecules, as is suggested could cause

the observed photoconductivity in section 4.6. However, in heavily p-doped graphene,

such a bandgap would not be expected to be observable in THz transmission mea-

surements as there are no occupied electron states near the top of the valance band

available to be excited by low energy THz photons.

4.4.2 Optical-pump–THz-probe measurements

For the photoexcited measurements, the electric field of a terahertz pulse transmitted

through the graphene was sampled after photoexcitation by an 800 nm, 180µJ/cm2

fluence pump pulse, EON
THz, and without the photoexcitation, EOFF

THz . The photoinduced

change in terahertz transmission of the sample, ∆E = EON
THz − EOFF

THz was recorded

using lock-in detection. The principle of the measurements is illustrated in Figure

4.4a. The terahertz pulse probes the photoexcited graphene sample at a time t2 after

photoexcitation. The terahertz probe is then mapped out in time by varying the

difference in time of arrival, t1, between the terahertz pulse and an 800 nm gate pulse

at an electro-optic detection crystal (GaP).

In Figures 4.4b and c we present the measured terahertz electric field, ETHz,

transmitted through graphene in an pure oxygen atmosphere, and the corresponding

change in transmission due to photoexcitation, ∆E. The induced ∆E decreases as

the delay between pump and probe, t2, is increased. The photoinduced change in
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terahertz transmission is seen to decay within ∼5 ps. Further information may be

extracted from these data by performing a Fourier transform on the electric field

data to give directly the frequency dependent complex photoconductivity, ∆σ(ω),

without resorting to the Kramers-Kronig relations, via Equation 2.23,

∆σ(ω) = −
(

1 + ns

Z0

)
∆E(ω)

ETHz(ω)
. (4.2)

Figures 4.4d and e show the real and imaginary parts of the photoconductivity re-

spectively as a function of pump–probe delay time.

To more easily compare the photoconductivity in different atmospheres, we take

slices of the data from Figure 4.4, and the corresponding data for the other environ-

ment types. For instance, holding t1 constant at the maximum terahertz electric field

(e.g. t1=0 in Figure 4.4c) and observing the resulting ∆E as pump–probe delay time

t2 is varied, yields an optical pump–terahertz probe measurement, which provides the

average terahertz response of the sample. In Figure 4.5, we plot -∆E/ETHz, which

is proportional to the photoconductivity of the graphene, as a function of the delay

time between the pump and probe pulses in the four atmosphere types. It should be

noted that due to the large number of holes already present near the Dirac point in

this p doped sample, the transient response probed by the terahertz is dominated by

electron dynamics.

Immediately after photoexcitation in vacuum, the terahertz conductivity increases

(photoinduced absorption) within 1 ps, and subsequently relaxes with two distinct

time scales. Initially fast cooling occurs within ∼0.6 ps, and a longer, exponential

cooling occurs with a time scale of ∼2.5 ps. Such a relaxation is consistent with other

studies, which associated the first rapid cooling with emission of optical phonons,

followed by a bottleneck when the carrier temperature cools below the hot optical

phonon temperature (∼ 0.196 and 0.162 eV [100]) , slowing further cooling [83, 86,100].

However, when graphene is placed in a gaseous atmosphere, the photoinduced
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4.4 Sensitivity of graphene photoconductivity to environmental gases

Figure 4.5: Here, ∆E = EON
THz − EOFF

THz . From top to bottom: graphene in vacuum,
N2, air and O2. Photoinduced absorption is observed in vacuum, but photoinduced
bleaching is observed in gaseous environments. Inset: Schematic representation of
the pump–probe measurements of p-doped graphene (εF ∼ −0.3 eV) in vacuum (top),
and in the presence of gases (bottom), with corresponding density of states (g(ε)).
The high energy pump (~ω) excites carriers far above the Dirac point, which cool
by phonon emission. In gapless graphene, terahertz photons can be absorbed by the
photoexcited carriers. In the presence of gases, stimulated emission releases extra
terahertz photons, yielding a bleaching pump-probe signal.
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4.4 Sensitivity of graphene photoconductivity to environmental gases

change is dramatically different. Surprisingly, the photoconductivity signal flips from

being purely positive in vacuum to purely negative in all the gas environments. Fol-

lowing photoexcitation in air, N2 or O2, the terahertz conductivity decreases within

1 ps, and then relaxes with a common monoexponential time scale of 2.5 ps. The

similarity between this time constant and that of cooling in vacuum suggests the con-

tinued importance of carrier–phonon interactions. Adsorbed O2 was found to have

the strongest influence on charge dynamics is graphene, with the negative photocon-

ductivity almost an order of magnitude greater than the induced absorption under

vacuum. A negative transient absorption, such as we observe, may be attributed to

either stimulated emission in the samples or a bleaching effect. To understand more

about the origin of the negative photoconductivity it is informative to consider the

photoconductivity spectra at a fixed time after photoexcitation.

Figure 4.6 shows the photoconductivity in all four atmosphere types at 2 ps after

photoexcitation (t2 = 2 ps). The spectrum of graphene in vacuum reveals a relatively

flat and positive real part of photoconductivity, in stark contrast to the strongly

negative (real) photoconductivity seen for gas-absorbed graphene. Furthermore the

spectral photoconductivity of graphene samples in the presence of N2, air and O2 can

be seen to exhibit a Lorentzian form,

σLorentz ∝
iω

ω2 − ω2
0 + iωΓ

, (4.3)

where Γ is the linewidth, and ω0 is the resonant frequency. The solid lines in Figure

4.6 represent a least square fit of Eq. 4.5 to the experimental data. The fitted resonant

frequency for graphene in air and N2 was found to be ω0 ∼ 1.8 THz, compared with

ω0 ∼ 2 THz for graphene in an O2 environment. The resonance in all gas types is

spectrally very broad; the fitted linewidth was Γ ≈ 10 THz, independent of the gas

type. The Lorentzian fit begins to deviate from the measured photoconductivity at

low frequencies. The deviation is most noticeable for O2-exposed graphene (Figure

4.6d). The non-zero value of Re(∆σ) evident in the data at low frequency suggests an
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underlying Drude-like response, however inclusion of a Drude term does not enhance

the fit within our observable bandwidth, so has been neglected. In contrast, the

photoinduced absorption in vacuum leads to a small, positive, spectrally flat real

conductivity, with a non-negligible imaginary part.

A negative transient absorption signal with a Lorentzian lineshape is characteris-

tic of stimulated emission. Hence, our data provide evidence that stimulated emission

of terahertz photons is occurring in photoexcited graphene in the presence of atmo-

spheric gases. Theoretical studies have predicted amplified stimulated emission of

terahertz radiation from sufficiently intensely photoexcited graphene[107]. The pro-

posed mechanism is that after photoexcitation, the charge carriers relax and populate

states around the Dirac point, from where they can radiatively recombine. Thus ter-

ahertz emission over a large spectral range is expected to be possible[107]. Whilst our

measurements do not show amplification of the terahertz probe (losses are still greater

than gain), stimulated terahertz emission, below the gain threshold is consistent with

our observations.

4.4.3 Fluence dependence of photoconductivity

Using optically excited terahertz spectroscopy, we observed a Lorentzian type pho-

toconductivity, in contrast to the Drude photoconductivity measured by previous

authors. One explanation of a Lorentzian photoconductivity in other materials is the

photoexcitation of plasmons [159]. In order to investigate the possibility of a plasmon

induced photoconductivity, we repeated the measurements at one tenth of the pump

beam fluence, 18µJ/cm2 as opposed to 180µJ/cm2 used previously.

In plasmonic systems, the Lorentzian peak frequency, ω0, is dependent upon car-

rier density, n. In graphene, ω0 ∝ n1/4, due to the nature of the two-dimensional

Dirac carriers[111]. As the photoexcited carrier density is related to the pump fluence,

a reduction in pump fluence would be expected to lower the frequency of the plasmon
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Figure 4.6: a-d Photoconductivty in vacuum (a), N2 (b), air (c) and O2 (d), taken
at 2 ps after photoexcitation by the optical pump. Solid orange dots show the real
part of the photoconductivity, hollow blue dots show the imaginary part. The solid
black line in b-d is a Lorentzian model fit to the conductivity data, demonstrating the
Lorentzian form the of photoconductivity in gaseous environments. Shading is used
to emphasise the change from positive to negative Im(∆σ). This point corresponds
to the peak Lorentzian frequency, ω0.
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Figure 4.7: Pump fluence dependence of photoconductivity spectra in air. a Pho-
toconductivity at 2 ps after photoexcitation by 180µJ/cm2 pump fluence. b Photo-
conductivity at 2 ps after photoexcitation by 18µJ/cm2 pump fluence. Solid orange
dots show the real part of the photoconductivity, hollow blue dots show the imagi-
nary part. Shading is used to highlight the change from positive to negative Im(∆σ),
corresponding to the Lorentzian peak frequency, ω0. ω0 does not change with fluence,
suggesting plasmons cannot explain the Lorentzian type photoconductivity.
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Figure 4.8: Fluence dependence of the maximum pump induced transmission intensity
change, measured in air. The broken line represents linear behaviour. From this it is
clear that the data are super-linear, suggesting stimulated emission of THz photons.
The solid line shows a least squares fit to the data, |∆T/T |2 ∝ (fluence)1.34.

resonance.

Figure 4.7 shows a comparison of the photoconductivity of graphene in air at 2 ps

after photoexcitation by the high and low fluence pump. The lower fluence pump

yields a smaller magnitude of photoconductivity, as it photoexcites fewer carriers.

However, the Lorentzian peak frequency, ω0, does not change with fluence, as would

be expected for a plasmon dominated photoconductivity. Thus we conclude that the

excitation of plasmons cannot explain our observations.

We further investigated the pump fluence dependence of the negative photoin-

duced change in conductivity using time domain pump-probe data (such as displayed

in Figure 3 of the main paper). Figure 4.8 shows the |∆E/ETHz|2, which is propor-

tional to the intensity change in transmitted THz photons, as a function of the visible

(800nm) photon fluence incident on a graphene sample in air.

The dashed line illustrates a linear relation while the solid line shows the result of
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Species EB (kJ mol−1) σ ν (s−1) m (g mol−1)
O2 12 1 8× 1013 32
N2 13 1 5× 1010 28

H2O 46 1 9× 1014 18

Table 4.1: Parameters used for Langmuir isotherm calculations, taken from Ref. 161.

a power law fit, |∆T/T |2 = A(fluence)α. Best agreement with data was obtained for

α = 1.34, in accordance with slightly superlinear behaviour. This behaviour may for

example arise from an enhanced density of states available for stimulated downward

transitions in the spectral range of the THz pulse with increasing visible pump fluence.

4.5 Surface coverage calculations

For the discussion of the THz results in the following section, it is useful to know

the coverage of the adsorbates on the graphene surface at the pressures used in the

measurements. Simple Langmuir adsoprtion theory may be used to estimate the

coverage of the surface of graphene with gas molecules. In Langmuir theory the

fractional coverage of a surface with adsorbed gas molecules is

Θ(p, T ) =
bp

1 + bp
, (4.4)

where

b =
σ

νN0

√
2πmkBT

exp

(
EB
kBT

)
. (4.5)

Here, EB is the adsorption enthalpy, σ is the steric factor, ν is the Arrhenius factor

for desorption, N0 is the adsorption site density and m is the mass of the adsorbant

[160].

The parameters used in the calculation are taken from literature values for graphite

and are listed in Table 4.1. For room air at a pressure of 10−5 mbar the calculated

coverage of graphene with adsorbed gases is negligible: ΘN2 = 8 × 10−9, ΘO2 =

8× 10−13, ΘH2O = 4× 10−9.
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Figure 4.9: Surface coverage, Θ, of graphene with atmospheric gases. Caluculated as
a function of pressure using Langmuir theory. Temperature T was set to 300 K, and
the other parameters were taken from Ref.161 and are sumarised in Table 4.1.

Figure 4.9 shows the calculated fractional coverage Θ of the surface of graphene

with N2, O2 and H2O molecules over the pressure range used in the experiments. At

1 atmosphere pressure of N2 and O2 the coverages are calculated to be ΘN2 = 0.51

and ΘO2 = 4× 10−4 respectively.

4.6 Discussion

We now consider the mechanism for the dramatic changes of photoconductivity in

graphene under the different gas environments. The ability to “reset” the effects of
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gas exposure by placing the graphene samples in vacuum for two hours (at room tem-

perature) suggests that the gas molecules are physisorbed rather than chemisorbed

to the graphene surface. Physisorption of O2 and N2 on graphene could act as a

dopant [154], lead to the opening of a small bandgap at the Dirac point [162,163] ,

and/or lead to a modification of the density of states [164,165]. Hall measurements

(see Section 4.3.1) showed only 3% changes in the Fermi level after gas adsorption,

indicating that doping alone is unlikely to account for the huge change in photocon-

ductivity we observe. The opening of a ∼ 8 meV bandgap upon gas adsorption, and

associated increase in the density of electron and hole states near the band extrema

would be consistent with our observations. In this case, electrons injected into the

conduction band by 800 nm (1.55 eV) photoexcitation would relax rapidly to near

the band minimum via phonon mediated processes, as shown on the inset of Figure

4.5. Recombination for the photoinjected electrons across the bandgap with a sea of

holes would lead to the observed stimulated emission signal. The spectral broadness

(Γ ≈ 10 THz) of the observed transition may then be explained by a combination of

the following factors: a high interband transition rate (lifetime broadening), fast de-

phasing via electron-electron interactions and a cooling bottleneck below the optical

phonon energies. However full ab-inito calculations would be required to confirm the

exact mechanism. Note that since CVD graphene is heavily p-doped, the opening of

a bandgap is not directly observable by terahertz transmission spectroscopy, as there

are no electrons near the band gap to be excited by the low energy terahertz photons

(see Section 4.4.1 and inset of Figure 4.5).

The adsorption of molecules on graphene would locally open a bandgap and hence

alter the otherwise linear density of states (g(ε)) of the graphene, thereby increasing

g(ε) at the top of the valance band and bottom of the conduction band (see inset of

Figure 4.5) [165]. However, a gap would only be opened in regions around adsorbed gas

molecules, creating islands of semiconducting graphene amongst the unaltered, gap-
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less graphene (see Section 4.5 for Langmuir coverage calculations). As the terahertz

probe is much larger than these puddles, the observed photoconductivity behaviour

is the result of an interaction with of both types of graphene. Increased stimulated

emission will therefore be observed if gas molecules are more effectively adsorbed on

the surface, thus creating a higher proportion of semiconducting material. Of the

gases used in this study, O2 is most likely to interact with graphene [166,167] , which is

consistent with the increased negative photoconductivity signal observed in pure O2

compared with air and N2.

There are a number of other possible explanations for a Lorentzian photocon-

ductivity in graphene. A positive Lorentzian conductivity may originate from the

excitation of plasmons [159]. Terahertz surface plasmons have been predicted theo-

retically [109,110], and recently observed in spatially confined graphene [111]. However,

the peak frequency of a plasmon dependent conductivity varies with carrier concen-

tration as ω0 ∝ n1/4 [111] and Re(∆σ) is expected to be positive, in contrast to our

experiments. Figure 4.4 demonstrates that our measured ω0 does not decrease with

time after photoexcitation, and hence is independent of photoexcited carrier concen-

tration. Additional measurements showed ω0 to be independent of pump fluence (see

Section 4.4.3). Thus it is unlikely that excitation of plasmons explains the Lorentzian

response. A negative photoconductivity may also be attributed to a photo-induced

reduction in conductivity, for example by an increase in the carrier–carrier or carrier–

phonon (intraband) scattering rates. However it is not clear why such mechanisms

would produce a Lorentzian form, or occur only in gas adsorbed graphene. Finally,

ground-state bleaching could lead to a negative photoconductivity with Lorentzian

form, however the states associated with the absorption of (1.55 eV) optical photons

in graphene are well separated from the states near the Dirac point that are associated

with interband terahertz absorption and emission (see the inset of Figure 4.5). We

therefore conclude that the opening of a small band gap in the presence of adsorbed
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gas molecules is the most likely explanation for our measurements.

4.7 Conclusion

In summary, we have used terahertz time domain spectroscopy to noninvasively probe

photoexcited carrier dynamics in CVD grown graphene. We have observed that gas

adsorption can dramatically alter the high frequency electrical response of graphene

sheets. We also provide experimental evidence for stimulated emission of terahertz

photons in graphene. Furthermore our results demonstrate the huge influence envi-

ronmental factors can exert on the behaviour of hot carriers in CVD graphene, and

highlight the importance of consideration of such factors for future CVD graphene

opto-electronic devices.

After the completion of this study, several other authors reported optical-pump

THz-probe measurements of CVD-grown graphene [104–106,168]. Only photo-induced

bleaching of THz conductivity was observed in these studies, rather than the gas

induced change observed here, and in contrast to the pure photoinduced absorption

increase observed in non-CVD graphene.

Frenzel et al. and Jnawali et al. both used THz spectrometers similar to that

used in this Chapter, photoexciting CVD-grown graphene with an 800 nm pump and

probing the change in conductivity with a THz probe [104,105]. Both authors observed

a negative photocondtivity, similar to the case of graphene in this chapter when in

a gaseous environment. However, they did not observe an environment dependent

response. In contrast to the stimulated emission argument employed to explain the

results in this Chapter, these authors argued the negative photoconductivity was by

an increase in scattering rate of carriers. The enlarged phase space for scattering at

the high temperatures electrons are excited to, combined with the high number of

phonons, can result in increased electron-phonon scattering. If the effect of increased

scattering outweighs the increased conductivity due to increased carrier number (the
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Drude weight), the free carrier conductivity can be suppressed, resulting in a negative

photoconductivity.

In an attempt to explain the difference between studies resulting in a positive

photoconductivity, and those finding a negative photoconductivity, Shi et al. used a

back gate to alter the doping level in graphene during THz measurements [168]. They

found that the sign of the photoconductivity could by modulated by changing the

Fermi level of the sample. When highly doped, the change in Drude weight due to

photoexcitation is much less than the change in scattering rate, leading to a negative

photoconductivity. Conversely, with minimal doping, the increased carrier density

due to photoexcitation yields a positive photoconductivity.

To use this model to explain the data in this chapter, a large shift in carrier

concentration between vacuum and gas measurements would be required. Such a

change was not observed by the Hall measurements performed here, suggesting that

the model does not explain the gas induced negative photoconductivity. Furthermore,

where photoconductivity spectra are presented in these later works, they do not match

the Lorentzian form presented in this Chapter, and fluence dependent measurements

show sub-linear behaviour, in contrast to the super-linear behaviour observed in this

Chapter. Therefore, these later works do not necessarily show the same process as

was observed here.

Preliminary theoretical work has suggested that the presence of water vapour

trapped between the graphene sheet and quartz substrate could enhance the effect of

gaseous adsorbates. Future experimental work will focus on removing this trapped

water vapour, to determine any effect it has on the THz photoconductivity, and to

attempt to resolve the differences between the work in this Chapter and that of other

authors.
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Chapter 5

Ultrafast transient terahertz
conductivity of CVD-grown MoS2
and WSe2

Ultrafast charge carrier dynamics in monolayers and trilayers of the transition

metal dichalcogenides MoS2 and WSe2 were measured using a combination of time

resolved photoluminescence and terahertz spectroscopy. A photoconductivity and

photoluminescence response time of just 350 fs was recorded from CVD-grown mono-

layer MoS2, and 1 ps from trilayer MoS2 and monolayer WSe2. The results indicate

the potential of these materials as high-speed optoelectronic materials.



5.1 Ultrafast transient terahertz conductivity of CVD-grown MoS2 and WSe2

5.1 Introduction

For the last three decades, technological advances towards terahertz speed electronic

and opto-electronic devices have relied on the staple materials of low-temperature

grown gallium arsenide (LT-GaAs) and ion implanted semiconductors [169–173]. The

emergence of new two-dimensional matierals [174], however, offers the prospect of

novel, cheap materials for high speed applications.

Transition metal dichalcogenides (TMDs) consist of transition metal atoms co-

valently bonded to chalcogens (S, Se or Te) to form atomic trilayers.[1, 7, 117,175] The

trilayers stack via weak van der Waals interactions to form a 3-dimensional solid.

TMDs have the potential to become the building blocks of a wide range of future

electronic device as they act as semiconductors, semi-metal or metals depending on

the choice of transition metal [7].

Molybdenum disulphide (MoS2) and tungsten diselenide (WSe2) are semiconduct-

ing TMDs that have been well studied[7, 117,118] in their multilayer (3D) form. MoS2

is extensively used in industry as a dry lubricant[176] and as a catalyst for the hy-

drodesulphurisation of petroleum [177]. Only recently has truly monolayer (2D) MoS2

been experimentally realised, exposing a wealth of new photophysics.[119,174,178–181] For

instance, while MoS2 is an indirect bandgap semiconductor in the bulk (multilayer)

form, it has a direct bandgap as a monolayer and thus exhibits greatly enhanced pho-

toluminescence yield. [119,178] Furthermore negative trions, which are quasiparticles

consisting of two electrons and a hole, have been discovered in monolayer MoS2.[127,182]

As a result of these discoveries, MoS2 is already showing promise for use in elec-

tronic and photonic devices [1], such as field effect transistors[6, 19,174,183–185], photodiodes[186]

and memory applications [187], however future exploitation requires a better under-

standing of its optical and electrical properties. In particular the mechanisms re-

sponsible for a relatively low electron mobility in MoS2 is currently a matter of

debate[188–190].
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5.1 Ultrafast transient terahertz conductivity of CVD-grown MoS2 and WSe2

More recently, a second monolayer TMD has been isolated. Tungsten diselenide

(WSe2) shows many similar properties to MoS2, becoming a direct gap semiconductor

in its monolayer form, and exhibiting trions [128]. However, there have been few studies

on the photophysics of WSe2
[128,191].

Most studies and devices reported to date have used mechanically exfoliated

MoS2 and WSe2, using the “scotch tape” method pioneered in early graphene

research[3, 37,126,192]. Unfortunately this method of producing mono-layers of layered

materials is not well suited to large-scale industrial production. Recently, MoS2 and

WSe2 have been produced using chemical vapour deposition (CVD) [120–123]. This

bottom-up technique is compatible with current commercial production technologies

and is also the method currently favoured for the production of graphene[150].

Previous time-resolved photophysical studies of MoS2 have used photolumines-

cence (PL) spectroscopy [130], electroluminescence [193], optical pump–probe spec-

troscopy [131] and transient absorption [132] to investigate exciton dynamics in me-

chanically exfoliated few- and mono-layer MoS2. These studies generally observed a

relaxation of photoexcited species on two distinct timescales: a fast, few picosecond

decay followed by a slower component on the scale of several tens of picoseconds.

However, these studies were not able to probe directly the conductive species that are

of interest for opto-electronic devices. To our knowledge, no time resolved studies of

monolayer WSe2 have so far been published.

Here, we present studies of monolayer and trilayer CVD-grown MoS2 and WSe2

using terahertz time domain spectroscopy (THz TDS) and PL spectroscopy. Together,

these techniques allowed us to observe the behaviour of free carriers and excitons in

photoexcited MoS2. We observed a photoconductivity response in CVD-grown MoS2

of just 350 fs. Such an ultrafast response time is particularly promising for the future

use of TMDs in high-speed (> 1 THz) photodetectors, emitters and transistors. The

possibility of tuning the conductivity lifetime in MoS2 via substrate interactions and
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5.2 Ultrafast transient terahertz conductivity of CVD-grown MoS2 and WSe2

film thickness offers the option of producing cost-effective optoelectronic materials

with tuneable charge carrier lifetimes. Further measurements suggest the observation

of trions in monolayer MoS2 and WSe2.

5.2 Growth and characterisation

Predominantly Monolayer and trilayer MoS2 films were grown directly onto sapphire

substrates. Briefly, (0001)-oriented sapphire substrates (Tera Xtal technology Corp.)

were cleaned with a H2SO4/H2O2 (70:30) solution at 100◦C for 1 hour. For mono-

layer growth, the substrate was then placed at the centre of a 2-inch tubular furnace

on a quartz holder. Precursors of 0.3 g MoO3 (Sigma-Aldrich, 99.5%) in an Al2O3

crucible and S powder (Sigma-Aldrich, 99.5%) were placed at an upstream position

in the reaction chamber. The furnace was first heated to 150◦C and annealed for

30 minutes with 70 sccm of Ar at 10 torr, followed by heating at 650◦C for 10 min-

utes. The furnace was subsequently cooled slowly to room temperature. Trilayers

were grown by a two-step thermolysis of the precursor (NH4)2MoS4
[122]. The sapphire

substrate was immersed in a solution of the (NH4)2MoS4 precursor dissolved in 20 mL

of dimethylformamide. The substrate was slowly removed from the solution, leaving

a thin (NH4)2MoS4 film, and baked at 120◦C for 30 minutes. A two-step annealing

process was performed to transform the precursor film to trilayer MoS2.

Monolayer WSe2 was prepared similarly on sapphire substrates. WO3 powders

(0.3 g) were heated to 925◦C at a ramping rate of 25◦C/min with Se powder in the

furnace. The sapphire substrates were put at the downstream side, where the Se and

WO3 vapours were delivered by an Ar/H2 flowing gas (Ar = 80 sccm, H2 = 20 sccm,

chamber pressure = 1 Torr). After reaching 925◦CC, the heating zone was kept for

15 min and the furnace was then naturally cooled to room temperature. Additional

details about the growth methodologies may be found in References 120–123.

The number of layers in each sample was determined by Raman spectroscopy and
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atomic force microscopy (AFM). Figure 5.1 (b) and (f) show the Raman spectra of

the monolayer and trilayer samples respectively. The splitting between the E1
2G and

A1G peaks in the Raman spectrum of the monolayer (trilayer) MoS2 was 18 cm−1

(23 cm−1), which is indicative of predominantly single (tri) layer growth [194]. The

AFM images of intentionally scratched samples are presented in Figure 5.1 (c),(g) and

(j). They show step heights of 0.7 nm, 2.3 nm and 0.73 nm, which confirm that the

samples consist of monolayer MoS2, trilayer MoS2, and monolayer WSe2 respectively.

Figures 5.1 (d) and (h) show the optical transmission spectra of monolayer and trilayer

MoS2. The two absoprtion features at 1.89 eV and 2.04 eV are characteristic of MoS2

and are known as the ‘A’ and ‘B’ excitions. Similarly, the features at 1.65 eV and

2.06 eV of Figure 5.1 (l) correspond to the ‘A’ and ‘B’ excitons of WSe2.

It should be noted that growth, Raman spectroscopy and AFM imaging were

performed by the group of Lance Li, at the Institute of Atomic and Molecular Sciences,

Academia Sinica, Taiwan.

5.3 Photoluminescence and THz photoconductiv-

ity measurements

We used a combination of photoluminescence (PL) and THz conductivity spectroscopy

to observe the dynamics of photoexcited charge species in the samples. Here we use

the term “charge species” to refer to free electrons and holes as well as correlation

between charges such as excitons, charged excitons (trions) and plasmons. PL is

sensitive only to the subset of photo-injected charge species that recombine radia-

tively. In contrast THz conductivity spectroscopy is sensitive to any conductive or

polarisable charge species independent of whether the excitation relaxes radiatively

or non-radiatively[10]. Furthermore, THz spectra can be used to identify types of

charge species and how they evolve on a picosecond time scales. For example exci-

tons, plasmons and free charges have distinct spectral signatures at THz frequencies.[8]
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Therefore, together time-resolved PL and THz spectroscopy allow complicated charge

dynamics involving more than one type of charge species to be interpreted.

The optical pump THz probe spectrometer (OPTPS) described in Chapter 2 was

used to measure the photoconductivity ∆σ(t, ν) of MoS2 and WSe2 as a function of

frequency ν and time t after photoexcitation. Samples were photoexcited by 35 fs laser

pulses (typical fluence 175µJ/cm2) at selected wavelengths using an optical paramet-

ric amplifier, or by frequency doubling pulses in a 0.2 mm-thick Type I BBO crystal.

Photoluminescence measurements were carried out using an 80 MHz 100 fs pulsed

Ti:Sapphire excitation source. Time-resolved photoluminescence was measured us-

ing photoluminescence up-conversion spectroscopy as described in Reference 195. All

measurements reported here were performed in vacuum (< 10−3 mbar) at room tem-

perature. Photoluminescence measurements were performed by Patrick Parkinson.

5.3.1 Monolayer MoS2

Figure 5.2a shows the photoluminescence arising from monolayer MoS2 as a function

of time after photoexcitation with 3.0 eV photons. The energy of the absorbed pho-

tons are significantly above the MoS2 bandgap and hence should photoinject electron–

hole pairs with significant kinetic energy (i.e. “hot” carriers). Overlaid on this graph

is the THz photoconductivity ∆σ(t) of the same sample as a function of time after

photoexcitation with similar energy (3.1 eV) photons. The pump fluence dependence

of this photoexcitation is linear, as show in Figure 5.3.

Photoexcitation of the sample leads to a sharp (instrument response limited) rise

in both THz photoconductivity and PL emission followed by an ultrashort 350 fs

exponential decay of both signals. An exponential decay suggests carrier trapping,

rather than bimolecular decay. Over the next 10 ps the PL signal disappears, in

contrast to a significant persistent THz photoconductivity signal. The quenching

of PL emission in combination with a persistent photoconductivity is indicative of
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Figure 5.2: Photodynamics of monolayer MoS2 measured by optical pump–THz probe
spectroscopy and PL upconversion spectroscopy. a) Normalised THz photoconduc-
tivity, ∆σ as a function of time after photoexcitation by 3.1 eV photons, blue pump
pulse (blue circles), and the normalised PL emission as a function of time after pho-
toexcitation by 3 eV photons, measured at 1.86 eV (black full circles) of monolayer
MoS2. Solid lines are biexponential fits to the data, parameters are given in Table
5.1. b) Similar THz (blue circles) and PL (black full circles) measurements following
photoexcitation on resonance with the direct gap excitons (1.9 eV for THz and 2.1 eV
for PL).
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Figure 5.3: Fluence dependence of the peak pump induced THz transmission intensity
change, ∆T/T . Measured on monolayer MoS2 using 3 eV (400 nm) photons. The solid
black line is a least squares fit to the data, showing the linear relationship between
fluence and transmission intensity change.

Table 5.1: Biexponential decay time constants and relative weightings for pump-probe
and PL measurements.

THz Photoconductivity PL
MoS2 Tri MoS2 Mono WSe2 Mono MoS2 Mono

Above gap
1 ps [90%] 0.33 ps [91%] 1.31 [80%] 0.36 ps [96%]
24 ps [10%] 33 ps [9%] 13.1 ps [20%] 8.6 ps [4%]

Resonant
0.63 ps [88%] 0.36 ps [95%] 0.861 ps [90%] 0.32 ps [100%]
10 ps [12%] 35 ps [5%] 15 ps [10%] –

trapping of one carrier type or the separation of electrons and holes either spatially

or in k-space. Parameters for the biexponential fits to these decays, shown as solid

lines in Figure 5.2, are given in Table 5.1.

To understand more about the origin of the persistent photoconductivity in mono-

layer MoS2 we also resonantly photoexcited the ‘A’ and ‘B’ excitons and recorded the

THz conductivity and PL dynamics. Figure 5.2b shows that upon resonant photoex-

citation the early-time PL and σ(t) dynamics are remarkably similar to the case of

above-bandgap photoexcitation. At later times however the persistent photoconduc-
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tivity signal is far less pronounced and the PL is quenched even more effectively.

Therefore the persistent photoconductivity after excitation with high energy photons

is likely to be caused by the photoinjected electrons having enough energy to populate

indirect-gap side-valleys.

Together, these results indicate that there is a rapid quenching of both PL and

photoconductivity in monolayer MoS2 within 350 fs photoexcitation. This quenching

is independent of whether excitons are created resonantly or a hot electron–hole

population is photo-injected into the sample. The fast quenching is likely to be a

result of fast surface trapping or surface–substrate interactions for monolayer MoS2.

This conclusion is supported by an observed invariance of exponential decay rates

as the fluence was varied, as expected for trap dominated quenching [159]. This can

be seen in Figure 5.4, where the normalised photoconductivity of monolayer MoS2

photoexcited on resonance at two different fluences are compared, demonstrating

fluence independent dynamics.

5.3.1.1 Pump energy dependence of THz measurements

For experimental reasons, slightly different pump energies were used for the THz and

PL resonant photoexcitation measurements presented above - 1.9 eV for THz and

2.1 eV for PL. However, as Figure 5.5 shows, the THz photodynamics are identical

for both 1.9 eV and 2.1 eV, justifying the comparison of the THz and PL data. Figure

5.5 additionally demonstrates that photoexcitation at 1.55 eV, below the band gap

of monolayer MoS2, yields no photoconductivity response. The spectra of all pump

beams used in these measurements are shown in Figure 5.6

5.3.2 Monolayer WSe2

Similar measurements were performed on monolayer WSe2. The THz photoconduc-

tivity of WSe2 is presented in Figure 5.7. Above gap photoexcitation was provided

by a 3 eV pump beam, as for the MoS2 measurements. For excitation resonant with
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pendence of decay dynamics to pump fluence.
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Figure 5.5: Photoinduced THz conductivity, ∆σTHz, of monolayer MoS2 as a function
of time after photoexcitation. Excited with pump beam energies of, from top to
bottom, 3.1 eV (400 nm), 2.1 eV (600 nm), 1.9 eV (650 nm) and 1.55 eV (800 nm). The
photoexcited dynamics are identical for 2.1 eV and 1.9 eV photoexcitation. The solid
lines represent biexponential fits to the data.
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Figure 5.6: Spectra of the pump beams used for THz (blue dotted lines) and PL
(red solid lines) measurements. 1.9 eV (650 nm) and 2.1 eV (600 nm) photons were
used to photexcite the samples on resonance with the excitons. Above gap energies
of 3.1 eV (400 nm) fro THz and 3 eV (410 nm) for PL were used for higher energy
photoexcitation. Arrows demonstrate the position of the ‘A’ and ‘B’ excitons in
MoS2
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Figure 5.7: Normalised photodynamics of monolayer WSe2 measured by optical
pump–THz probe spectroscopy photoexcited at 1.65 eV, on resonance with the ‘A’
exciton in WSe2 (squares) and at 3.1 eV (crosses). Solid lines are biexponential fits
to the data. Fit parameters are detailed in Table 5.1

the excitons in WSe2, however, a lower energy pump of 1.65 eV was used, matching

the lower energy of the ‘A’ exciton in WSe2 compared to that in MoS2.

As was observed for MoS2, upon photoexcitation of WSe2 by either pump energy,

the THz photoconductivity rises sharply, but with a slower rise time than for MoS2

(∼700 fs compared to an instrument limited rise time of 350 fs in MoS2). The photo-

conductivity then decays with a fast exponential lifetime of 1 ps followed by a slower

fall over ∼15 ps. For both photoexcitation energies the time constants in WSe2 are

noticably longer than those in monolayer MoS2.

5.3.3 Trilayer MoS2

In nano-scale materials the influence of surface trapping can be assessed by observing

changes in transient photoconductivity as a function of the surface-area-to-volume ra-
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Figure 5.8: Comparison of THz photoconductivity, ∆σ, in trilayer (green crosses)
and monolayer (blue squares) MoS2 as a function of time after photoexcitation by
3 eV photons, measured by optical pump–THz probe spectroscopy. Solid lines show
biexponential fits to the data. Fit parameters are listed in Table 5.1. Additional
reflections due to the thinness of the substrate have been removed from the trilayer
data for clarity (see Section 5.3.3.1).

tio of the sample[196,197]. We compared the photoconductivity dynamics of monolayer

MoS2 with the trilayer sample to gauge the importance of the surface-area-to-volume

ratio on conductivity dynamics. As can be seen in Figure 5.8 and the biexponential

fit parameters displayed in Table 5.1, photoconductivity decays three times slower in

the trilayer sample compared with the monolayer MoS2. It is notable that even in

high-quality bulk crystals of MoS2, DC photoconductivity measurements are dom-

inated by surface trapping effects[198]. Thus for our CVD-grown monolayer sample

we expect surface trapping to be the dominant mechanism of ultrafast PL and THz

conductivity quenching.
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Figure 5.9: Original trilayer optical pump–THz probe data, shown here for 1.9 eV
(650 nm) photoexcitation, before removal of reflections from the data. Red dots show
the measured data, the solid line is a biexponential model to the data accounting for
multiple substrate reflections.

5.3.3.1 Reflections in the trilayer data

Due to the thinness of the sapphire substrate, the optical pulse used in optical pump–

THz probe measurements was able to reflect from the far edge of the substrate and

re-photoexcite the sample before the signal from the initial excitation had decayed.

This manifested itself as additional peaks within the pump–probe data, as can be

seen in Figure 5.9. For clarity, these peaks were removed from the data presented

in Figure 5.8 by adopting a biexponential decay model with additional terms for

subsequent smaller excitations, and then subtracting the subsequent excitation terms

from the data. This effect of reflections within the substrate was only observable in

the trilayer data, as it is too small an effect to be visible in the smaller ∆ETHz/ETHz

of the monolayer sample.
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5.4 THz photoconductivity spectra

Further information can also be gained from the complex THz photoconductivity

spectrum, ∆σ(ω). In Figure 5.10 we present the photoinduced THz conductivity for

mono and trilayer MoS2 taken at 1.5 ps after photoexcitation, and for monolayer WSe2

at 1 ps after photoexcitation. All three samples display a significant free carrier, Drude

type response, suggesting the presence of charge carriers other than neutral excitons.

Trilayer MoS2, however, exhibits noticably different behaviour to both monolayer

MoS2 and WSe2. The photoconductivity of trilayer MoS2 appears to show a resonance

far beyond the bandwidth of the experiment, consistent with the behaviour expected

from excitons of binding energy ∼100 meV. In contrast, the monolayer samples show

a resonance at ∼15 meV. The solid lines in Figure 5.10 represent potential models of

these data, assuming a sum of Lorentzian oscillators,

σL =
∑
m

Cmiν

ν2 − ν2
0m + iνγm

, (5.1)

where Cm is a spectral weight coefficient, ν0 is the resonant frequency and γm is

the linewidth of oscillator m, as discussed in Chapter 4 for fitting to CVD-grown

graphene. In contrast to those fits, however, the monolayer samples here required

three terms in the sum - one ν0 = 0 Drude term for free carriers, one high energy

resonance outside of the bandwidth of the experiment consistent with the expected

exciton binding energy, and one additional term to account for the resonance at

∼15 meV. The parameters of these fits are displayed in Table 5.2.

Recently trions, quasiparticles consisting of two electrons and a hole or two holes

and an electron, have been observed in PL spectra from MoS2 and WSe2 with binding

energies of 18 meV and 24 meV respectively [127,128]. The similarity of these values

to the monolayer resonance energies suggests the direct observation of trions in the

monolayer samples. However, the signal to noise ratio in the spectrum is not high
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Figure 5.10: THz complex photoconductivity spectra, ∆σ(ν). a) Monolayer MoS2

1.5 ps after photoexcitation with 3 eV (squares) and 1.9 eV (crosses) photons. A low
energy resonance at ∼18 meV (4.5 THz) is apparent. b) Trilayer MoS2, 1.5 ps after
photoexcitation by 1.9 eV photons. c) Monolayer WSe2, 1 ps after photoexcitation
on resonance with the WSe2 ‘A’ exciton at 1.65 eV. Solid lines show possible fits to
the data, detailed in Table 5.2 101
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Table 5.2: THz photoconductivity fitting parameters.

σD σX σT

CDrude(%) γ (THz) CX (%) γ (THz) ν0X (THz) CT(%) γ (THz) ν0T (THz)
Mono 11.7 5 78 10 25 10.3 6 4.5

Tri 1 5 96.6 10 25 2.4 10 4.5
Mono 3 5.21 96.5 8 25 0.5 1 3.33

enough to draw firm conclusions.

In summary, we have observed ultrafast photoconductivity responses in monolayer

MoS2 and WSe2, which we attribute to charge trapping at surface states. A monolayer

semiconductor with such a fast response is likely to be a key component of future high-

frequency opto-electronic devices including photoreceivers, emitters, modulators as

well as microwave and THz switches. The low-cost and scalable CVD production

of these monolayers, and their easy integration into devices, make them particularly

attractive materials for such devices.
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Chapter 6

Evaluating the photoconductive
performance of semiconducting
and semi-metal nanoflakes using
terahertz time domain
spectroscopy

Chemical vapour deposition offers a scalable method of producing high-quality novel

two dimensional systems, such as graphene and transition metal dichalcogenides.

However, for some proposed applications of these new materials, where lower material

qualities are acceptable, a cheaper and easier production method is desirable. Liquid-

phase exfoliation of layered materials is a cheap and versatile method of producing

mono- and few-layer nanomaterials. In this Chapter we test optoelectronic potential

of graphene and molybdenum diselenide nanoflakes produced by liquid-phase exfolia-

tion, and find that the cheaper nanoflakes retain the ultrafast behaviour observed in

their CVD-grown equivalents, showing promise for use of liquid-phase exfoliation in

future opto-electronic devices.



6.1
Evaluating the photoconductive performance of semiconducting and semi-metal

nanoflakes using terahertz time domain spectroscopy

6.1 The potential of liquid-phase nanoflake pro-

duction

In the ten years since the first production of graphene, it has remained true that

mechanical exfoliation can produce the highest quality two-dimensional materials

[57]. An intense global effort to improve the quality of chemical vapour deposition

(CVD) grown materials has borne fruit, particularly for graphene, where the mobil-

ities achievable are now almost competitive with mechanically exfoliated graphene

[115,199]. Continued research should improve CVD-grown graphene and other two-

dimensional materials, such as transitions metal dichalcogenides (TMDs), producing

large size, high quality materials for moderate to high-cost device applications.

However, not all potential uses of these novel materials require expensive, large

mono-crystalline materials. For some applications, such as in batteries [200–202], cheap,

easy production and integration into devices are the desired properties, rather than

record breaking mobilities. An alternative production method to CVD for these

applications is liquid exfoliation [73].

It has been shown that many layered materials can be exfoliated chemically, yield-

ing advantages such as a greatly increased surface area. For liquid-phase exfoliation,

a powder of the 3D bulk material is dissolved in a solvent whose surface energy is

similar to that of the crystal layers. Application of ultrasonic waves to the solu-

tion generates the force to break the layers apart, leaving small mono and few-layer

nanoflakes in the solution [64, 203].

This versatile method can be used with a wide range of materials, forming a

straightforward, scalable and sustainable production route for cheap 2D materials.

Furthermore, processing directly from the nanoflake suspensions allows techniques

that would be difficult or impossible using mechanically exfoliated or CVD growth

techniques. For example, free-standing films can be produced, the suspension can be

used directly as a filler in a polymer matrix, or the suspension can be readily mixed
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nanoflakes using terahertz time domain spectroscopy

with other nanomaterials to form exotic heterostructures [73, 200,204,205]. Alternatively,

the nanoflakes can be deposited on a substrate, and the solvent evaporated, yielding

devices on any desired surface, without the difficulties involved in transferring CVD-

grown materials, such as the PMMA layer used for the graphene in Chapter 4.

Graphene and 2-dimensional TMDs produced this way [73, 204,206] have already

shown promise in a broad range of areas. Graphene nanoflakes have been used in liq-

uid crystal displays [207], demonstrated good mobility (100 cm2/Vs) when integrated

into printed circuits [208] and have been used for the reinforcement of polymers [209].

TMDs, such as MoS2, MoSe2 and WSe2 have been used in batteries [200–202], capacitor

electrodes [210,211], and have been suggested for use in hydrogen extraction from wa-

ter, a particularly important application in the search for clean fuels [212]. The edge

molybdenum sites on Mo-based TMDs are highly active for hydrogen evolution reac-

tions and thus are being considered as electrodes for water splitting using sunlight,

an application that small cheap nanoflakes are better suited for than other forms of

2D TMDs.

Other desirable applications could include ultrafast flexible optoelectronics, or

easily fabricated THz devices based on free standing nanoflake films. However, no

studies have been performed to test the behaviour of hot carriers in these materials,

and evaluate their potential for ultrafast optoelectronics.

Here, we use optical-pump THz-probe time domain spectroscopy to investigate

the dynamics of carriers in photoexcited graphene, a semi-metal, and semiconducting

MoSe2 nanoflakes produced by liquid-phase exfoliation. We demonstrate that the

nanoflake samples share the ultrafast response of the CVD-grown forms of the ma-

terials, suggesting promise for cheap, ultrafast optoelectronic devices. Furthermore,

we observe strong, broad absorption resonances in the THz range, allowing for strong

coupling to THz radiation in nanoflake based devices.

Samples of graphene and MoSe2 were produced by liquid-phase exfoliation, and
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Figure 6.1: Characterisation of graphene (a-b) and MoSe2 (c-d). a, c TEM im-
ages of graphene and MoSe2 nanoflakes respectively. b Raman spectroscopy of
graphene nanoflakes, showing few-layer characteristics. d Optical absorption spec-
trum of MoSe2 nanoflakes showing the ‘A’ and ‘B’ exciton peaks. A peak related to
the HeNe laser in the spectrometer has been removed from the data.
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deposited on quartz substrates for terahertz spectroscopy. For the graphene samples,

graphite powder (1.5 g) was added to NaC aqeuous solution (0.1 mg ml−1, 300 ml), and

ultrasonicated at low power for 51 hours. The solution was then placed in a centrifuge

at 3000 rpm for 90 minutes, and the supernatent containing graphene subsequently

collected, and deposited on the quartz. Further details can be found in 211. As the

TEM images displayed in Figure 6.1 show, the resulting sample contained monolayer

flakes of graphene. Raman spectroscopy, the standard tool for judging the quality of

graphene, was performed, and is displayed in Figure 6.1. In contrast to the Raman

spectrum of CVD-grown graphene presented in Figure 4.1, three peaks are present

in the nanoflake Raman data - the D peak at 1340 cm−1, G at 1570 cm−1, and 2D

at 2683 cm−1. The presence of a prominent D peak highlights the increased number

of defects in the nanoflake samples compared to the CVD-grown sample, caused

primarily by the increased number of edge defects in the nanoflake sample. The

height and shape of the 2D peak demonstrates that few-layer graphene is present in

the sample [34].

The molybdenum diselenide flakes were obtained by sonicating a 5 mg ml−1 dis-

persion of MoSe2 (American Elements- 99.9% metal basis) in 2-Propanol. After 5

hours of ultrasonic treatment at 37kHz and 100W power, the suspensions were cen-

trifuged at 1500 rpm for one hour. The supernatant was collected and dropcast onto

the quartz substrates. Again, the sample was characterised by TEM imaging, reveal-

ing 500 nm sized monolayer flakes. The quality of the sample was confirmed by X-ray

diffraction, show in Figure 6.1.

The optical transmission of the MoSe2 samples was measured using a FTIR spec-

trometer. Figure 6.1d shows the resulting transmission spectra, showing absorption

features at 1.55 eV and 1.8 eV corresponding to the ‘A’ and ‘B’ excitons in MoSe2

respectively, similar to those excitons observed in the absorption spectrum of CVD-

grown MoS2 in Figure 5.1.
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Sample growth, and Raman, X-ray diffraction and TEM imaging were provided

by the group of Valeria Nicolosi at CRANN, Trinity College, Dublin.

6.2 THz spectroscopy

To test the photodynamics of the nanoflake samples, we used optical-pump THz-

probe spectroscopy. The system was identical to that used for the measurements

on CVD graphene in Chapter 4. The samples were photoexcited with an 800 nm

(1.55 eV) pump pulse, of 180µJ/cm2 fluence. Photoexcitation of the MoSe2 samples

with 1.55 eV resonantly excited the ‘A’ exciton in MoSe2. In contrast, photoexcitation

in the semi-metal graphene generated free carriers in the conduction band - the exciton

energy in graphene is at the much higher value of 3 eV above the Dirac point and

so no excitons were excited in the graphene nanoflakes. It should be noted that all

measurements were performed in a vacuum.

6.2.1 Pump-Probe Measurements

In Figure 6.2, the normalised change in THz transmission, related to THz photocon-

ductivity ∆σ, is shown as a function of time after photoexcitation for both graphene

and MoSe2 samples. Upon photoexcitation by the pump pulse, the THz absorption,

and hence conductivity, of graphene increases rapidly, within an instrument limited

rise time 300 fs. The photoconductivity then decays on two distinct timescales - a

first, fast 0.3 ps fall followed by a slower 3.3 ps decay. The solid line in Figure 6.2

represents a biexponential fit to these data. Thus the graphene nanoflakes retain the

ultrafast, two timescale nature common to CVD-grown, mechanically exfoliated and

expitaxially grown graphene.

The MoSe2 sample displays similar, although slower, behaviour. The photocon-

ductivity rises after photoexcitation, to a maximum within 800 fs. The subsequent

fall in photoconductivity can be characterised by two exponential timescales - 1.68 ps
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Figure 6.2: THz photoconductivity of graphene (blue crosses) and MoSe2 nanoflakes
(red circles) after photoexcitation by a 800 nm (1.55 eV) pump beam. Solid lines
represent biexponential fits to the data.

followed by 35 ps. This decay is very similar to that observed in the related material

MoS2 in Chapter 5.

The similarity of photodynamics in nanoflakes and CVD-grown material can be

seen explicitly for the case of graphene. In Figure 6.3 we compare the normalised

THz photoconductivity of these graphene nanoflakes with the CVD-grown graphene

as measured in vacuum in Chapter 4. There is a remarkable overlap between the

photoconductivity in the two very different graphene samples, highlighting that the

nanoflakes retain the ultrafast photodynamics of better quality graphene (with qual-

ity determined by the intensity of the D peak in Raman spectra of the samples).

It should be noted, however, that the nanoflakes do not display any change of be-

haviour in the presence of gases, unlike the CVD-grown sample’s extreme sensitivity

to environmental adsorbates, discussed in Chapter 4. That the smaller flakes are not

sensitive to adsorbates suggests the gap opening behaviour in the CVD-grown sample
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Figure 6.3: Comparison of the normalised THz photoconductivity of graphene
nanoflakes prepared by liquid-phase exfoliation (solid blue line), and the CVD-grown
graphene film measured in Chapter 4 (broken red line). For both cases the mea-
surement was performed in vacuum, removing the gap-opening effect of adsorbates
on the CVD sample (see Chapter 4. The near perfect overlap of the two sets of
data demonstrates that the graphene nanoflakes retain the ultrafast photodynamics
of CVD-grown graphene.

was related to the nature of the transfer of the film to the graphene substrate, or was

caused by molecules, for example water, trapped between the large graphene film and

the substrate.

As the decays of both graphene and MoSe2 photoconductivities were so similar

to their CVD grown counterparts, it is likely that the same mechanisms are respon-

sible for hot carrier cooling discussed in Chapters 4 and 5 for graphene and TMDs

respectively - i.e. rapid cooling by optical phonons in graphene, until a bottleneck

when carriers cool below the optical phonon energy, creating two distinct timescales,

and rapid recombination of excitons in MoSe2, until inter-valley scattering spatially

separates the electron-hole pairs and slows recombination, again creating two distinct
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timescales. The similarity of the ultrafast timescales in the nanoflake samples to

those in the CVD-samples suggests that hot carrier cooling is not dependent upon

the number of defects, which is greater in the nanoflakes. More importantly, the

similarity suggests that liquid-exfoliation can produce materials with equal potential

for ultrafast opto-electronic applications as chemical vapour deposition.

6.2.2 Photoconductivity spectra

Fourier transforming the THz time domain data, and utilising Equation 2.23 yields

the complex THz photoconductivity spectra displayed in Figure 6.4. Spectra are

shown for MoSe2 nanoflakes at 1.2 ps and 1.5 ps after photoexcitation by the 1.55 eV

pump pulse, and for graphene nanoflakes at 1.5 ps after photoexcitation. A resonance,

i.e. a peak in the real part of photoconductivity and a change of sign in the imaginary

part, is apparent in the two MoSe2 spectra. Following the method used in Chapter

5, the data were fit by a sum of Lorentzian oscillators. Unlike the monolayer MoS2

spectrum in Chapter 5, here we find only a single Lorentzian and a small Drude (free

carrier) term are necessary to fit the data, i.e.

∆σ(ν) = ∆σLorentz + ∆σDrude

=
CLiν

ν2 − ν2
0 + iνγL

+
CDiν

ν2 + iνγD
,

(6.1)

where CL and CD are the spectral coefficients of the Lorentzian and Drude components

respectively, γL and γD the corresponding linewidths, and ν0 is the resonant frequency

of the Lorentzian oscillator. Fitting parameters are given in Table 6.1.

In MoSe2 at 1.2 ps after photoexcitation, the data are well fit by a resonance at

2.6 THz, with an order of magnitude smaller Drude component accounting for the

non-zero conductivity at ν = 0 THz. By 1.5 ps after photoexcitation, however, the

resonance has blue-shifted to 3.63 THz. This blue shifting spectral signature may

have several different causes.
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Figure 6.4: Photoconductivity spectra of MoSe2 and graphene nanoflakes. a) Real
(red circles) and imaginary (blue circles) parts of the complex THz photoconductiv-
ity, ∆σ of MoSe2 at 1.2 ps after photoexcitation by the 1.55 eV pump beam. The
solid lines represent fits to the data assuming a sum of a Lorentzian oscillator and
a Drude conductivity. Fit parameters are given in Table 6.1. b) ∆σ at 1.5 ps after
photoexcitation in MoSe2. c) ∆σ at 1.5 ps after photoexcitation in the graphene
nanoflakes.
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Table 6.1: THz photoconductivity spectra fit parameters

σLorentz σDrude

CL (THz) γL (THz) ν0X (THz) CD (THz) γD (THz)

MoSe2
1.2 ps 3.95×10−5 5 2.62 7.86×10−6 5
1.5 ps 5.31×10−5 5 3.63 9.94×10−6 10

Graphene 1.5 ps 2.28×10−4 3.38 4.66 1.69×10−6 5

Due to the confinement of carriers in the small nanoflakes, a likely source of the

resonance at THz frequencies in the samples is the excitation of surface plasmons,

collective carrier oscillations, across the flakes [111,213,214] . In this case, the plasmon

resonant frequency would depend upon the flake size and the carrier density (N)

dependent plasma frequency, given by [196],

ω0 =

√
Ne2

m∗εrε0

, (6.2)

where m∗ is the effective carrier mass, and εr the relative dielectric response in MoSe2.

It would be expected that as time after photoexcitation increases, the carrier den-

sity would decrease, leading to a redshift in resonant frequency. In MoSe2, however,

we observe the opposite. This could be explained by an increase in free carrier density

at later times because of exciton disassociation, by inter-valley scattering for example.

Alternatively, there could be a much higher energy resonance, outside of the band-

width available here, associated with transitions within the exciton. If the excitons

form slowly, this high energy resonance would increase in strength at later times,

dragging the apparent plasmon frequency in the THz spectrum to higher frequencies.

Further information could be acquired about the origin of the resonance by re-

peating the measurements with a lower pump fluence, exciting a lower carrier density.

However, the signal-to-noise ratio of these low fluence measurements proved to be too

small to draw any conclusions about the resonance.

In contrast to the MoSe2 spectra, in the graphene nanoflakes there is no resonance

peak within the bandwidth of these measurements. However, fitting Equation 6.1
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to the data suggests the presence of a resonance just outside of the bandwidth, at

4.7 THz.

It is notable that in all three spectra there is only a very small photoconductiv-

ity as ν → 0, particularly for graphene. The THz photoconductivity as ν → 0 is

equivalent to the DC conductivity that would be measured from the sample after

photoexcitation. That there is such a low DC photoconductivity here suggests that

no conductive channel exists between the nanoflakes. Thus at the density present in

these samples, the nanoflakes are not suitable for applications such as optical pho-

todiodes, where a large induced current is desired to signify detection of photons.

However, the large resonant response across a broad band of the THz region in both

MoSe2 and graphene samples suggests promise for THz optoelectronic devices, where

strong coupling to THz radiation is required.

In summary, we have measured the photoconductive response of liquid-exfoliated

graphene and MoSe2 samples. Both samples displayed ultrafast responses to pho-

toexcitation, maintaining the photodynamics observed in CVD-grown materials, and

coupled strongly to broadband THz radiation. These properties, found in materi-

als grown by a cheap, easy and versatile method, suggest great promise for use of

nanoflakes in THz optoelectronic devices.
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Chapter 7

An ultrafast carbon nanotube
terahertz polarisation modulator

In this Chapter, ultrafast modulation of terahertz radiation by unaligned optically-

pumped single-walled carbon nanotubes is demonstrated. Photoexcitation by an ul-

trafast optical pump pulse induces transient terahertz absorption in nanowires aligned

parallel to the optical pump. The terahertz polarisation and modulation can be tuned

by controlling the polarisation of the optical pump, allowing sub-picosecond modula-

tion of terahertz radiation. Such speeds suggest potential for semiconductor nanowire

devices in terahertz communication technologies.



7.1 An ultrafast carbon nanotube terahertz polarisation modulator

7.1 Introduction

Whereas microwaves and near-infrared light have been widely used in communication

technologies, the terahertz region of the electromagnetic spectrum, lying between

microwaves and IR, has been notably underused. Historically, intense sources of THz

waves, with a frequency from 50 GHz to 10 THz, have been difficult to find [10, 215].

A range of sources, from optical rectification to quantum cascade lasers are now

available [10, 216], but high speed THz communications have yet to be realised. A lack

of satisfactory practical THz modulators, required to encode information in the THz

wave, is a chief reason for the lack of progress [13, 139].

Terahertz intensity modulators have already been demonstrated using a range of

approaches[139,217], including optically pumped silicon wafers [218–220] and electrically

modulated metamaterials [221,222]. Liquid crystals have been suggested for use as

terahertz polarisation modulators [223,224]. However these methods do not provide

fast enough switching speeds to exploit the full potential of THz communication

applications, where picosecond scale switching is desirable. On the other hand, static

THz polarisers have also been developed, for example by arranging fine wires in a

grid [225,226], but again cannot provide fast switching speeds.

Carbon nanotubes may offer a solution to the problem of fast switching. It has

been shown that highly aligned single-walled carbon nanotubes (SWNTs) can act

as optical [137,138] and THz polarisers [140,141], utilising the intrinsic anisotropy of

these one-dimensional materials. Previously, we have shown that photoexcitation

of highly aligned semiconducting nanotubes can provide dynamic THz polarisation

[145]. Photoexcitation of these nanotubes creates an exciton along the length of the

nanotube, which can absorb THz radiation aligned with it during the lifetime of the

exciton (10-100 ps [142–144]). Rotation of such a nanotube structure allows selective
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transient polarisation of incident THz waves.

However, our previously reported device required the nanotubes to be highly

aligned, and only allowed modulation of THz intensity by rotation of the nanotube

grid. Here, we present ultrafast dynamic THz modulation by an unaligned nanotube

device. Selective photoexcitation of the nanotubes by a polarisation-controlled op-

tical pump creates a transient and tunable THz polariser which can modulate THz

waves on a sub-picosecond timescale.

7.2 Sample growth and characterisation

The SWNT sample was produced using a fast, simple and cheap method described

previously [227–229]. Briefly, a narrow chirality distribution of semiconducting single-

walled carbon nanotubes was produced by selectively dispersing the nanotubes with

the polymer poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO). The polymer and SWNT mix-

ture was agitated using an ultrasonic probe, leading to a selective wrapping of semi-

conducting species. Unwrapped and bundled SWNTs precipitate out of solution

and were removed via centrifugation. High yields of polymer-wrapped SWNTs were

obtained by optimizing the polymer:nanotube ratio and the sonication time. The

polymer-nanotube blends were then simply drop-cast from the o-xylene dispersions

on to z-cut quartz discs while gently heating the substrates at 60◦C to create an

unaligned SWNT sample. Z-cut quartz was selected for its high transmission of THz

radiation, and unresponsiveness to photoexcitation.

Figure 7.1 shows the characterisation of this SWNT film. Photoluminescence emis-

sion (PLE) spectroscopy was used to determine the chirality of nanotubes present in

the sample. As corroborated by the absorption spectrum in Figure 7.1b, photoexci-

tation by a 650 nm pump, as used in the THz measurements, selectively photoexcites

the (7,5) semiconducting nanotubes.

Sample growth at PLE spectroscopy were provided by the group of Robin Nicholas
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Figure 7.1: Characterisation of the SWNT dispersion. a) Photoluminescence emission
spectroscopy of the nanotube sample. A very narrow distribution of semiconducting
chiralities is apparent. b) Absorption spectrum of the nanotubes. Photoexcitation by
the 650 nm pump used in the optical–pump THz–probe measurements (represented
by the dashed line) selectively excites only the (7,5) nanotubes.
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at the Department of Physics, Oxford.

7.3 Using THz TDS to demonstrate optically ac-

tivated polarisation

The transient THz modulation provided by the SWNT sample was determined using

the time domain THz spectrometer described in Chapter 2. THz radiation was gen-

erated by optical rectification in a 2 mm thick GaP crystal, photoexcited by 800 nm

femtosecond pulses [10]. The electric field of the THz radiation was detected by electro-

optic sampling in a second GaP crystal, and the difference in THz transmission

through the photoexcited SWNT sample and the sample without photoexcitation

determined by lock-in detection referenced to a chopper in the pump beam. The

650 nm pump pulses used to photoexcite the nanotube modulator were generated

with a fluence of 175µJ/cm2 by a TOPAS optical parametric amplifier, pumped from

an 800 nm Ti:Sapphire regenerative amplifier.

The nanotube sample was photoexcited by femtosecond pulses of the 650 nm po-

larised pump beam. Due to the inherent anisotropy of the nanotubes, nanotubes

aligned in the same direction as the pump pulse polarisation are preferentially pho-

toexcited. The resulting exciton population resides predominantly on nanotubes

aligned in the direction of the pump polarisation, and hence incident THz radia-

tion also polarised in this direction will be preferentially absorbed by these carriers.

Thus, by selecting the polarisation of the pump beam, we were able to control the

THz modulation capability of the nanotube sample.

The polarisation of the pump beam was controlled by a half waveplate placed in

the beam before the nanotube sample. Rotating the waveplate by an angle θ rotated

the pump beam polarisation by an angle 2θ - i.e. the pump beam was rotated from

vertical polarisation to horizontal polarisation by rotating the waveplate by 45◦. This

measurement is schematically demonstrated in Figure 7.2b.
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Figure 7.2: Selective modulation of THz radiation. a, b Schematic representation of
the measurements. A half-wave plate rotates the polarisation of a 650 nm pump beam
by 2θ, where θ is the angle between the vertical and the waveplate axis. This rotated
pump beam selectively excites nanotubes aligned with the pump polarisation. THz
waves are only absorbed by those photoexcited nanotubes that are aligned with the
THz polarisation. a θ = 0, and so excited nanotubes are aligned with the THz wave,
yielding maximum absorption. b θ = 45◦, so excited nanotubes are perpendicular
to the THz polarisation, and so there is minimum absorption of the THz wave. c
Photoinduced change in THz transmission, ∆T/TOFF, equivalent to modulation depth
of the device, as a function of half-wave plate angle θ. The induced THz transmission
change follows a cosine-squared relationship with waveplate angle, as expected from
Malus’ law, represented by the solid line.
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In Figure 7.2c, we present the effect of rotating the waveplate on the THz modu-

lation through the nanotube sample. The ratio of change in THz transmission inten-

sity due to photoexcitation to the transmission through the non-photoexcited sample,

∆T/TOFF, is plotted as a function of waveplate angle. Here, ∆T = TON−TOFF, where

TON and TOFF represent the THz transmission of the sample with and without pho-

toexcitation respectively. As such, ∆T/TOFF is equivalent to the modulation depth

of the nanotube THz modulator.

As expected from Malus’ law for transmission through a polariser, the data display

a cosine-squared relationship. At 0◦, the pump pulse is polarised parallel to the

THz probe, and nanotubes photoexcited by this pump pulse can absorb the THz

probe, leading to maximum absorption. When the waveplate is rotated by 45◦, the

pump pulse is polarised perpendicular to the THz probe pulse, and so nanotubes

photoexcited in this case absorb much less of the THz radiation.

7.3.1 Transient polarisation

To analyse the transient nature of this polarisation, the time between photoexcitation

by the pump and probing by THz pulses can be varied. Figures 7.3a-d display the

modulation depth of the nanotubes at the peak of the THz pulse as a function of time

after photoexcitation, for waveplate angles of θ = 0◦, 15◦, 30◦ and 45◦. As can be

seen from these figures, upon photoexcitation the modulation depth increases sharply,

with a rise time of 500 fs. This is followed by a fall in modulation depth characterised

by two exponential timescales - a first, rapid decay ∼400 fs, followed by the decay of

a small residual signal over several picoseconds. Thus ultrafast transient modulation

of THz transmission can be achieved with the carbon nanotube polariser, at speeds

suitable for communication technologies.

These dynamics can be understood by the creation and decay of excitons in the

nanotubes. As discussed previously [144], photoexcitation preferentially generates exci-
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tons in those nanotubes parallel to the polarisation of the pump beam. Internal tran-

sitions within these excitons are in the THz range, and thus THz radiation incident

upon the photoexcited nanotubes can be absorbed. The change in THz absorption

decreases on two distinct timescales, corresponding to the decay of the generated exci-

tons. At the high fluences used in these experiments, multiple excitons per nanotube

are likely to be formed initially, leading to many-body interactions. These rapidly

decay by Auger processes [143,230,231], leading to the first fast decay of photoinduced

THz absorption. The longer timescale is then associated with single excitons.

7.3.2 Switch on speed

The switch-on speed of the polariser can be determined by measurement of the electric

field of the THz probe pulse passing through the nanotube device. The THz electric

field, ETHz, transmitted through the unexcited nanotube sample is shown in Figure

7.4a. Photoexcitating the sample long before the arrival of the THz pulse, as shown

in Figure 7.4b, yields a change in electric field, ∆ETHz due to additional absorption

in the nanotubes. In Figure 7.4c, however, the photoexcitation happens during the

passing of the THz pulse through the nanotube sample. A modulation signal appears

less than a picosecond after the ‘switch on’, indicating the speed of the device.

Our study demonstrates that ultrafast, dynamic control over the polarisation of

THz radiation is possible with unaligned carbon nanotube films. With a modulation

depth (related to ∆T/T ) of -27 dB, this technique has clear scope for improvement,

e.g. through an increase in the density of nanotubes present in the sample, or alter-

natively by stacking of layers of the CNT samples yielding a thicker device. These

techniques will be explored and developed in future work.

In summary, we have demonstrated the potential of unaligned, semiconducting

carbon nanotubes for use in ultrafast THz modulators with sub-picosecond switch-on

speeds. Photoexcitation by a polarised pump beam creates a tunable and transient
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Figure 7.4: The THz electric field, ETHz, passing through the polariser. a) ETHz

through the un-photoexcited sample. b) Change in THz electric field, ∆ETHz, when
the sample was photoexcited before the arrival of the THz pulse. The solid black
arrow represents the time at which the sample was photoexcited with the waveplate
set to θ = 0◦. c) ∆ETHz when the sample was photoexcited during the THz pulse.
The dotted red lines are the electric field (rather than intensity) equivalent of the
pump-probe data from Figure 7.3a, giving an indication of relative signal strength
expected at that time after photoexcitation.
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polarisation of THz radiation through the nanotube device, which decays within a

picosecond of the photoexcitation allowing for ultrafast modulation switching speeds.

These properties, combined with the ease and cost effectiveness of production of the

nanotube device, suggest promise for SWNT devices in THz communication tech-

nologies.
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Chapter 8

Conclusion

A vast array of applications for novel two-dimensional systems have been suggested

in the excitement following from graphene’s discovery [232]. The primary motivation

of this work was to assess these new materials for use in high-speed applications, and

investigate any novel physics arising in the THz region.

In graphene grown by chemical vapour deposition (CVD), optical-pump THz-

probe spectroscopy revealed an unexpected sensitivity to the presence of atmospheric

gases adsorbed on its surface (Chapter 4). The presence of oxygen or nitrogen

molecules on the graphene surface induced the opening of a small bandgap, allowing

emission of THz radiation by stimulated emission. Whilst this sensitivity is promis-

ing for applications using graphene as a gas sensor, and for advances towards using

graphene as a THz laser medium, it highlights the need to carefully control the envi-

ronment around 2-dimensional materials.

MoS2, the semiconducting analogue to graphene, was investigated in Chapter 5,

along with WSe2. These materials demonstrated sub-picosecond responses to pho-

toexcitation, showing promise for high-speed device applications. The spectrum of

the THz photoconductivity hinted at the presence of trions, excitons bound with an

extra electron, not previously observed using THz spectroscopy.

An alternative growth route for 2-dimensional materials was investigated in Chap-

ter 6. Liquid-phase exfoliation is both cheaper and easier than CVD growth. The
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graphene and MoSe2 samples measured here, however, demonstrated ultrafast re-

sponses that matched those found in their CVD-grown counterparts, highlighting

their potential for use in ultrafast opto-electronics for applications where high mobil-

ities are not required.

Finally, in Chapter 7, the application of carbon nanotubes for THz polarisation

was studied. Photoexcitation of an unaligned film of semiconducting carbon nan-

otubes allowed ultrafast, dynamic and tunable modulation of THz radiation.

This work has therefore shown the potential for novel 2-dimensional (and car-

bon nanotubes) in ultrafast device applications. Their picosecond scale responses to

photoexcitation should allow the development of THz speed devices. Equally, their

ability to couple strongly to THz radiation suggests potential for use in fast devices

within THz technologies, such as communications.

However, this work, and its comparison to the literature, highlight the sensitiv-

ity of these materials to their production method and environment. This is perhaps

unsurprising for systems composed mainly of surfaces, but means that their implemen-

tation in viable devices requires careful control of growth techniques and substrates

to maintain consistent performance.

8.1 Future work

A number of studies could extend and enhance the work reported in this thesis. Most

notably, the THz photoconductivity of the transition metal dichalcogenides studied

here showed resonances at the edge or just outside of the experimental bandwidth.

These resonances were tentatively assigned to the presence of trions in the samples,

as expected from PL measurements. However, to confirm the nature of these reso-

nances, the bandwidth of the system must be extended (for example by using plasma

based THz generation and detection techniques [233,234] ), and studying materials with

varying degrees of carrier concentration.
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Additional work could also demonstrate more practically the potential of these

materials for THz device applications. The ultrafast lifetime of photoexcited carriers

in MoS2, for example, suggests this material could be used to form a photoconductive

switch for THz generation. The small modulation depth of the carbon nanotube

device in Chapter 7 must be improved to form a viable device. Stacking layers of the

nanotubes together may form one route to improving the modulation depth.

The difference between the results presented in Chapter 4 and other studies re-

ported in the literature [104–106] should be investigated. Other authors have not ob-

served the environmental dependence of the THz photoconductivity in CVD-grown

graphene that was demonstrated in Chapter 4, therefore the origin of this environ-

mental dependence must be found. Preliminary theoretical work has suggested that

water vapour trapped between the graphene sheet and the substrate could be re-

sponsible for enhancing graphene’s sensitivity to environmental adsorbates. In future

studies, graphene will be grown by chemical vapour deposition on a heated substrate

in a glovebox, to prevent water vapour becoming trapped during the growth process,

and the THz photoconductivity of this graphene measured. In an alternative study,

in-situ annealing could be performed during the THz measurements in varying atmo-

spheres, to observe the effect of annealing in real time. In this way, the impact of

water vapour and adsorbates can be more accurately determined.

Further information could be provided by attaching contacts to the graphene

sample in the THz spectrometer, to determine the carrier concentration during mea-

surements, or, with the addition of a suitably transparent back gate, to tune the

Fermi level during THz spectroscopy. Such measurements would allow the sample to

be precisely compared to the materials measured in the literature, and so the reasons

for differences in results elucidated.

More generally, THz spectroscopy can be used to continue to assess these materials

as their quality improves. The rapid nature of THz measurements, not requiring
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contacts to be attached to materials, can be used to feed results quickly back into the

growth process, and so further improve the quality of CVD-grown materials.

Finally there are many potential 2-dimensional crystals that have not yet been iso-

lated [235]. The transition metal dichalcogenide family, in particular, posses a wealth

of electronic properties that may prove useful for future technology. Terahertz spec-

troscopy remains well placed to investigate these materials when they become avail-

able.

130



Bibliography

[1] Q H Wang, K Kalantar-zadeh, A Kis, J N Coleman, and M S Strano. Electronics

and optoelectronics of two-dimensional transition metal dichalcogenides. Nat.

Nanotechnol., 7:699–712, 2012.

[2] The international technology roadmap for semiconductors.,

http://www.itrs.net/links/2011itrs/home2011.htm, 2011.

[3] K S Novoselov, A K Geim, S V Morozov, D Jiang, Y Zhang, S V Dubonos, I V

Grigorieva, and A A Firsov. Electric field effect in atomically thin carbon films.

Science, 306:666–669, 2004.

[4] S Z Butler, S M Hollen, L Y Cao, Y Cui, J A Gupta, H R Gutierrez, T F Heinz,

S S Hong, J X Huang, A F Ismach, E Johnston-halperin, M Kuno, V V Plash-

nitsa, R D Robinson, R S Ruoff, S Salahuddin, J Shan, L Shi, M G Spencer,

and M Terrones. Progress, challenges, and opportunities in two-dimensional

materials beyond graphene. ACS Nano, 7:28982926, 2013.

[5] http://www.bbc.co.uk/news/science-environment-21014297.

[6] B Radisavljevic, A Radenovic, J Brivio, V Giacometti, and A Kis. Single-layer

mos(2) transistors. Nat. Nanotechnol., 6:147–150, 2011.

[7] M Chhowalla, H S Shin, G Eda, L J Li, K P Loh, and H Zhang. The chemistry

of two-dimensional layered transition metal dichalcogenide nanosheets. Nat.

Chem., 5:263–275, 2013.



[8] J Lloyd-Hughes and Tae-In Jeon. A review of the terahertz conductivity of bulk

and nano-materials. J Infrared Milli Terahz Waves, 33:871, 2012.

[9] W Hafez and M Feng. Experimental demonstration of pseudomorphic hetero-

junction bipolar transistors with cutoff frequencies above 600 ghz. Appl. Phys.

Lett., 86:152101, 2005.

[10] R Ulbricht, E Hendry, J Shan, T F Heinz, and M Bonn. Carrier dynamics in

semiconductors studied with time-resolved terahertz spectroscopy. Rev. Mod.

Phys., 83:543–586, 2011.

[11] M Fischer, G Scalari, C Walther, and J Faist. Terahertz quantum cascade lasers

based on In0.53Ga0.47As/In0.52Al0.48As/InP. J. Cryst. Growth, 311:1939–

1943, 2009.

[12] G L Carr, M C Martin, W R McKinney, K Jordan, G R Neil, and G P Williams.

High-power terahertz radiation from relativistic electrons. Nature, 420:153–156,

2002.

[13] J Federici and L Moeller. Review of terahertz and subterahertz wireless com-

munications. J. Appl. Phys., 107:111101, 2010.

[14] J F Federici, B Schulkin, F Huang, D Gary, R Barat, F Oliveira, and D Zimdars.

Thz imaging and sensing for security applications - explosives, weapons and

drugs. Semicond. Sci. Technol., 20:S266–S280, 2005.

[15] J-H Son. Terahertz electromagnetic interactions with biological matter and

their applications. J. Appl. Phys., 105:102033, 2009.

[16] S D Stranks, C Weisspfennig, P Parkinson, M B Johnston, L M Herz, and

R J Nicholas. Ultrafast charge separation at a polymer-single-walled carbon

nanotube molecular junction. Nano Lett., 11:66–72, 2011.

132



[17] J M Warman, G H Gelinck, and M P de Haas. The mobility and re-

laxation kinetics of charge carriers in molecular materials studied by means

of pulse-radiolysis time-resolved microwave conductivity: dialkoxy-substituted

phenylene-vinylene polymers. J. Phys.-Condes. Matter, 14:9935–9954, 2002.

[18] Y Q Wu, Y M Lin, A A Bol, K A Jenkins, F N Xia, D B Farmer, Y Zhu, and

P Avouris. High-frequency, scaled graphene transistors on diamond-like carbon.

Nature, 472:74–78, 2011.

[19] K Alam and R K Lake. Monolayer mos2 transistors beyond the technology road

map. IEEE Trans. Electron Devices, 59:3250–3254, 2012.

[20] J Squier, F Salin, G Mourou, and D Harter. 100-fs pulse generation and am-

plification in Ti:Al2O3. Opt. Lett., 16:324–326, 1991.

[21] Mark Fox. Optical Properties of Solids. Oxford Master Series in Condensed

Matter Physics. Oxford University Press, first edition, 2001.

[22] John Jackson. Classical Electrodynamics. Wiley, third edition, 1999.

[23] P R Smith, D H Auston, and M C Nuss. Subpicosecond photoconducting dipole

antennas. IEEE J. Quantum Electron., 24:255–260, 1988.

[24] J T Darrow, B B Hu, X-C Zhang, and D H Auston. Subpicosecond elec-

tromagnetic pulses from large-aperture photoconducting antennas. Opt. Lett.,

15:323–325, 1990.

[25] L Xu, X-C Zhang, and D H Auston. Terahertz beam generation by femtosecond

optical pulses in electrooptic materials. Appl. Phys. Lett., 61:1784, 1992.

[26] T Hattori, S Arai, and K Tukamoto. Ultrafast electron dynamics in GaAs and

InP studied by time-resolved terahertz emission spectroscopy. Jpn. J. Appl.

Phys., 43:7546–7551, 2004.

133



[27] M Bass, P A Franken, J F Ward, and G Weinreich. Optical rectification. Phys.

Rev. Lett., 9:446–448, 1962.

[28] D H Auston and M C Nuss. Electrooptic generation and detection of femtosec-

ond electrical transients. IEEE J. Quantum Electron., 24:184, 1988.

[29] Q Wu, M Litz, and X-C Zhang. Broadband detection capability of znte electro-

optic field detectors. Appl. Phys. Lett., 68:2924–2926, 1996.

[30] C Winnewisser, P U Jepsen, M Schall, V Schyja, and H Helm. Electro-optic

detection of THz radiation in LiTaO3, LiNbO3, and ZnTe. Appl. Phys. Lett.,

70:3069, 1997.

[31] A Yariv. Modulation of optical radiation in quantum electronics. Wiley and

Sons, third edition, 1988.

[32] M C Beard, G M Turner, and C A Schmuttenmaer. Subpicosecond carrier dy-

namics in low-temperature grown GaAs as measured by time-resolved terahertz

spectroscopy. J. Appl. Phys., 90:5915–5923, 2001.

[33] John Singleton. Band Theory and Electronic Properties of Solids. Oxford Mas-

ter Series in Condensed Matter Physics. Oxford University Press, first edition,

2001.

[34] A C Ferrari, J C Meyer, V Scardaci, C Casiraghi, M Lazzeri, F Mauri, S Pis-

canec, D Jiang, K S Novoselov, S Roth, and A K Geim. Raman spectrum of

graphene and graphene layers. Phys. Rev. Lett., 97:187401, 2006.

[35] A Bostwick, J McChesney, T Ohta, E Rotenberg, T Seyller, and K Horn. Ex-

perimental studies of the electronic structure of graphene. Prog. Surf. Sci.,

84:380–413, 2009.

134



[36] X Du, I Skachko, A Barker, and E Y Andrei. Approaching ballistic transport

in suspended graphene. Nat. Nanotechnol., 3:491–495, 2008.

[37] K S Novoselov, A K Geim, S V Morozov, D Jiang, M I Katsnelson, I V Grig-

orieva, S V Dubonos, and A A Firsov. Two-dimensional gas of massless dirac

fermions in graphene. Nature, 438:197–200, 2005.

[38] A K Geim and K S Novoselov. The rise of graphene. Nat. Mater., 6:183–191,

2007.

[39] Y M Lin, C Dimitrakopoulos, K A Jenkins, D B Farmer, H Y Chiu, A Grill,

and P Avouris. 100-ghz transistors from wafer-scale epitaxial graphene. Science,

327:662, 2010.

[40] S De and J N Coleman. Are there fundamental limitations on the sheet re-

sistance and transmittance of thin graphene films? ACS Nano, 4:2713–2720,

2010.

[41] M H Liang, B Luo, and L J Zhi. Application of graphene and graphene-based

materials in clean energy-related devices. Int. J. Energy Res., 33:1161–1170,

2009.

[42] W B Hu, C Peng, W J Luo, M Lv, X M Li, D Li, Q Huang, and C H Fan.

Graphene-based antibacterial paper. ACS Nano, 4:4317–4323, 2010.

[43] Y B Zhang, Y W Tan, H L Stormer, and P Kim. Experimental observation of

the quantum hall effect and berry’s phase in graphene. Nature, 438:201–204,

2005.

[44] N M R Peres. The transport properties of graphene. J. Phys.-Condes. Matter,

21:323201, 2009.

135



[45] C Lee, X D Wei, J W Kysar, and J Hone. Measurement of the elastic properties

and intrinsic strength of monolayer graphene. Science, 321:385–388, 2008.

[46] P A George, J Strait, J Dawlaty, S Shivaraman, M Chandrashekhar, F Rana,

and M G Spencer. Ultrafast optical-pump terahertz-probe spectroscopy of the

carrier relaxation and recombination dynamics in epitaxial graphene. Nano

Lett., 8:4248–4251, 2008.

[47] R Golizadeh-Mojarad and S Datta. Effect of contact induced states on minimum

conductivity in graphene. Phys. Rev. B, 79:085410, 2009.

[48] P R Wallace. The band theory of graphite. Phys. Rev., 71:622–634, 1947.

[49] S Reich, J Maultzsch, C Thomsen, and P Ordejon. Tight-binding description

of graphene. Phys. Rev. B, 66:035412, 2002.

[50] A H C Neto, F Guinea, N M R Peres, K S Novoselov, and A K Geim. The

electronic properties of graphene. Rev. Mod. Phys., 81:109–162, 2009.

[51] H Fernandez-Moran. Single crystals of graphite and mica as specimen support

for electron microscopy. J Appl Phys, 31:1844, 1960.

[52] S Iijima. Thin graphite support films for high-resolution electron-microscopy.

Micron, 8:41–46, 1977.

[53] C Soldano, A Mahmood, and E Dujardin. Production, properties and potential

of graphene. Carbon, 48:2127–2150, 2010.

[54] T W Ebbesen and H Hiura. Graphene in 3-dimensions - towards graphite

origami. Adv. Mater., 7:582–586, 1995.

[55] Y B Zhang, J P Small, W V Pontius, and P Kim. Fabrication and electric-

field-dependent transport measurements of mesoscopic graphite devices. Appl.

Phys. Lett., 86:073104, 2005.

136



[56] K I Bolotin, K J Sikes, J Hone, H L Stormer, and P Kim. Temperature-

dependent transport in suspended graphene. Phys. Rev. Lett., 101:096802, 2008.

[57] H S Song, S L Li, H Miyazaki, S Sato, K Hayashi, A Yamada, N Yokoyama,

and K Tsukagoshi. Origin of the relatively low transport mobility of graphene

grown through chemical vapor deposition. Sci Rep, 2:337, 2012.

[58] C Riedl, C Coletti, and U Starke. Structural and electronic properties of epitax-

ial graphene on sic(0001): a review of growth, characterization, transfer doping

and hydrogen intercalation. J. Phys. D-Appl. Phys., 43:374009, 2010.

[59] C Berger, Z M Song, T B Li, X B Li, A Y Ogbazghi, R Feng, Z T Dai, A N

Marchenkov, E H Conrad, and P N First. Ultrathin epitaxial graphite: 2d

electron gas properties and a route toward graphene-based nanoelectronics. J.

Phys. Chem. B, 108:19912–19916, 2004.

[60] J Hass, F Varchon, J E Millan-otoya, M Sprinkle, N Sharma, C Berger, P N

First, L Magaud, and E H Conrad. Why multilayer graphene on 4h-SiC(0001̄)

behaves like a single sheet of graphene. Phys. Rev. Lett., 100:125504, 2008.

[61] K V Emtsev, A Bostwick, K Horn, J Jobst, G L Kellogg, L Ley, J L McChesney,

T Ohta, S A Reshanov, J Rohrl, E Rotenberg, A K Schmid, D Waldmann,

H B Weber, and T Seyller. Towards wafer-size graphene layers by atmospheric

pressure graphitization of silicon carbide. Nat. Mater., 8:203–207, 2009.

[62] K I Bolotin, K J Sikes, Z Jiang, M Klima, G Fudenberg, J Hone, P Kim, and

H L Stormer. Ultrahigh electron mobility in suspended graphene. Solid State

Commun., 146:351–355, 2008.

[63] S Bae, H Kim, Y Lee, X F Xu, J S Park, Y Zheng, J Balakrishnan, T Lei,

H R Kim, Y I Song, Y J Kim, K S Kim, B Ozyilmaz, J H Ahn, B H Hong,

137



and S Iijima. Roll-to-roll production of 30-inch graphene films for transparent

electrodes. Nat. Nanotechnol., 5:574–578, 2010.

[64] Y Hernandez, V Nicolosi, M Lotya, F M Blighe, Z Y Sun, S De, I T McGovern,

B Holland, M Byrne, Y K Gun’ko, J J Boland, P Niraj, G Duesberg, S Krish-

namurthy, R Goodhue, J Hutchison, V Scardaci, and A C Ferrari. High-yield

production of graphene by liquid-phase exfoliation of graphite. Nat. Nanotech-

nol., 3:563–568, 2008.

[65] M Eizenberg and J M Blakely. Carbon monolayer phase condensation on

ni(111). Surf. Sci., 82:228–236, 1979.

[66] P W Sutter, J I Flege, and E A Sutter. Epitaxial graphene on ruthenium. Nat.

Mater., 7:406–411, 2008.

[67] A Buchsteiner, A Lerf, and J Pieper. Water dynamics in graphite oxide inves-

tigated with neutron scattering. J. Phys. Chem. B, 110:22328–22338, 2006.

[68] R Y N Gengler, K Spyrou, and P Rudolf. A roadmap to high quality chemically

prepared graphene. J. Phys. D-Appl. Phys., 43:374015, 2010.

[69] S Stankovich, R D Piner, X Q Chen, N Q Wu, S T Nguyen, and R S Ruoff.

Stable aqueous dispersions of graphitic nanoplatelets via the reduction of ex-

foliated graphite oxide in the presence of poly(sodium 4-styrenesulfonate). J.

Mater. Chem., 16:155–158, 2006.

[70] A B Kaiser, C Gomez-navarro, R S Sundaram, M Burghard, and K Kern.

Electrical conduction mechanism in chemically derived graphene monolayers.

Nano Lett., 9:1787–1792, 2009.

[71] M Lotya, Y Hernandez, P J King, R J Smith, V Nicolosi, L S Karlsson, F M

Blighe, S De, Z M Wang, I T McGovern, G S Duesberg, and J N Coleman. Liq-

138



uid phase production of graphene by exfoliation of graphite in surfactant/water

solutions. J. Am. Chem. Soc., 131:3611–3620, 2009.

[72] Z P Sun, D Popa, T Hasan, F Torrisi, F Q Wang, E J R Kelleher, J C Travers,

V Nicolosi, and A C Ferrari. A stable, wideband tunable, near transform-

limited, graphene-mode-locked, ultrafast laser. Nano Res., 3:653–660, 2010.

[73] V Nicolosi, M Chhowalla, M G Kanatzidis, M S Strano, and J N Coleman.

Liquid exfoliation of layered materials. Science, 340:1420, 2013.

[74] H A Becerril, J Mao, Z Liu, R M Stoltenberg, Z Bao, and Y Chen. Evaluation

of solution-processed reduced graphene oxide films as transparent conductors.

ACS Nano, 2:463–470, 2008.

[75] R R Nair, P Blake, A N Grigorenko, K S Novoselov, T J Booth, T Stauber,

N M R Peres, and A K Geim. Fine structure constant defines visual trans-

parency of graphene. Science, 320:1308, 2008.

[76] C Lee, J Y Kim, S Bae, K S Kim, B H Hong, and E J Choi. Optical response

of large scale single layer graphene. Appl. Phys. Lett., 98:071905, 2011.

[77] J M Dawlaty, S Shivaraman, J Strait, P George, M Chandrashekhar, F Rana,

M G Spencer, D Veksler, and Y Q Chen. Measurement of the optical absorp-

tion spectra of epitaxial graphene from terahertz to visible. Appl. Phys. Lett.,

93:131905, 2008.

[78] J Horng, C F Chen, B S Geng, C Girit, Y B Zhang, Z Hao, H A Bechtel,

M Martin, A Zettl, M F Crommie, Y R Shen, and F Wang. Drude conductivity

of dirac fermions in graphene. Phys. Rev. B, 83:165113, 2011.

139



[79] J L Tomaino, A D Jameson, J W Kevek, M J Paul, A M v d Zande, R A Barton,

P L McEuen, E D Minot, and Y Lee. Terahertz imaging and spectroscopy of

large-area single-layer graphene. Opt. Express, 19:141–146, 2011.

[80] I Maeng, S Lim, S J Chae, Y H Lee, H Choi, and J Son. Gate-controlled nonlin-

ear conductivity of dirac fermion in graphene field-effect transistors measured

by terahertz time-domain spectroscopy. Nano Lett., 12:551, 2012.

[81] S M Kim, J H Jang, K K Kim, H K Park, J J Bae, W J Yu, I H Lee, G Kim,

D D Loc, U J Kim, E H Lee, H J Shin, J Y Choi, and Y H Lee. Reduction-

controlled viologen in bisolvent as an environmentally stable n-type dopant for

carbon nanotubes. J. Am. Chem. Soc., 131:327–331, 2009.

[82] H Choi, F Borondics, D A Siegel, S Y Zhou, M C Martin, A Lanzara, and

R A Kaindl. Broadband electromagnetic response and ultrafast dynamics of

few-layer epitaxial graphene. Appl. Phys. Lett., 94:172102, 2009.

[83] H N Wang, J H Strait, P A George, S Shivaraman, V B Shields, M Chan-

drashekhar, J Hwang, F Rana, M G Spencer, C S Ruiz-vargas, and J Park.

Ultrafast relaxation dynamics of hot optical phonons in graphene. Appl. Phys.

Lett., 96:081917, 2010.

[84] J M Dawlaty, S Shivaraman, M Chandrashekhar, F Rana, and M G Spencer.

Measurement of ultrafast carrier dynamics in epitaxial graphene. Appl. Phys.

Lett., 92:042116, 2008.

[85] R W Newson, J Dean, and B Schmidt. Ultrafast carrier kinetics in exfoliated

graphene and thin graphite films. Opt. Express, 17:2326–2333, 2009.

[86] P J Hale, S M Hornett, J Moger, D W Horsell, and E Hendry. Hot phonon decay

in supported and suspended exfoliated graphene. Phys. Rev. B, 83:121404, 2011.

140



[87] B A Ruzicka, S A Wang, L K Werake, B Weintrub, K P Loh, and H Zhao. Hot

carrier diffusion in graphene. Phys. Rev. B, 82:195414, 2010.

[88] A Borak. Toward bridging the terahertz gap with silicon-based lasers. Science,

308:638–639, 2005.

[89] T Kampfrath, L Perfetti, F Schapper, C Frischkorn, and M Wolf. Strongly

coupled optical phonons in the ultrafast dynamics of the electronic energy and

current relaxation in graphite. Phys. Rev. Lett., 95:187403, 2005.

[90] J Lloyd-Hughes, E Castro-Camus, and M B Johnston. Simulation and opti-

misation of terahertz emission from ingaas and inp photoconductive switches.

Solid State Commun., 136:595–600, 2005.

[91] A G Davies, E H Linfield, and M B Johnston. The development of terahertz

sources and their applications. Phys. Med. Biol., 47:3679–3689, 2002.

[92] F Rana. Electron-hole generation and recombination rates for coulomb scatter-

ing in graphene. Phys. Rev. B, 76:155431, 2007.

[93] T Ohta, A Bostwick, J L McChesney, K V Emtsev, A K Schmid, T Seyller,

K Horn, and E Rotenberg. Morphology of graphene thin film growth on

sic(0001). New J. Phys., 10:023034, 2008.

[94] G M Rutter, J N Crain, N P Guisinger, T Li, P N First, and J A Stroscio.

Scattering and interference in epitaxial graphene. Science, 317:219–222, 2007.

[95] D H Auston and K P Cheung. Coherent time-domain far-infrared spectroscopy.

J. Opt. Soc. Am. B-Opt. Phys., 2:606–612, 1985.

[96] R A Kaindl, D Hägele, M A Carnahan, and D S Chemla. Transient tera-

hertz spectroscopy of excitons and unbound carriers in quasi-two-dimensional

electron-hole gases. Phys. Rev. B, 79:045320, 2009.

141



[97] F Rana, J H Strait, H N Wang, and C Manolatou. Ultrafast carrier recombi-

nation and generation rates for plasmon emission and absorption in graphene.

Phys. Rev. B, 84:045437, 2011.

[98] F Rana, P A George, J H Strait, J Dawlaty, S Shivaraman, M Chandrashekhar,

and M G Spencer. Carrier recombination and generation rates for intravalley

and intervalley phonon scattering in graphene. Phys. Rev. B, 79:115447, 2009.

[99] T Winzer, A Knorr, and E Malic. Carrier multiplication in graphene. Nano

Lett., 10:4839–4843, 2010.

[100] J H Strait, H N Wang, S Shivaraman, V Shields, M Spencer, and F Rana.

Very slow cooling dynamics of photoexcited carriers in graphene observed by

optical-pump terahertz-probe spectroscopy. Nano Lett., 11:4902–4906, 2011.

[101] H Suzuura and T Ando. Phonons and electron-phonon scattering in carbon

nanotubes. Phys. Rev. B, 65:235412, 2002.

[102] R Bistritzer and A H MacDonald. Electronic cooling in graphene. Phys. Rev.

Lett., 102:206410, 2009.

[103] W K Tse. Energy relaxation of hot dirac fermions in graphene. Phys. Rev. B,

79:235406, 2009.

[104] A J Frenzel, C H Lui, W Fang, N L Nair, P K Herring, P Jarillo-herrero, J Kong,

and N Gedik. Observation of suppressed terahertz absorption in photoexcited

graphene. Appl. Phys. Lett., 102:113111, 2013.

[105] G Jnawali, Y Rao, H G Yan, and T F Heinz. Observation of a transient decrease

in terahertz conductivity of single-layer graphene induced by ultrafast optical

excitation. Nano Lett., 13:524–530, 2013.

142



[106] K J Tielrooij, J C W Song, S A Jensen, A Centeno, A Pesquera, A Z Elorza,

M Bonn, L S Levitov, and F H L Koppens. Photoexcitation cascade and mul-

tiple hot-carrier generation in graphene. Nat. Phys., 9:248–252, 2013.

[107] V Ryzhii, M Ryzhii, and T Otsuji. Negative dynamic conductivity of graphene

with optical pumping. J. Appl. Phys., 101:083114, 2007.

[108] S Boubanga-Tombet, S Chan, T. Watanabe, A Satou, V Ryzhii, and T Otsuji.

Ultrafast carrier dynamics and terahertz emission in optically pumped graphene

at room temperature. Phys. Rev. B, 2012.

[109] F Rana. Graphene terahertz plasmon oscillators. IEEE Trans. Nanotechnol.,

7:91–99, 2008.

[110] V Ryzhii, A Satou, and T Otsuji. Plasma waves in two-dimensional electron-

hole system in gated graphene heterostructures. J. Appl. Phys., 101:024509,

2007.

[111] L Ju, B S Geng, J Horng, C Girit, M Martin, Z Hao, H A Bechtel, X G Liang,

A Zettl, Y R Shen, and F Wang. Graphene plasmonics for tunable terahertz

metamaterials. Nat. Nanotechnol., 6:630–634, 2011.

[112] N G Chopra, R J Luyken, K Cherrey, V H Crespi, M L Cohen, S G Louie, and

A Zettl. Boron-nitride nanotubes. Science, 269:966–967, 1995.

[113] D Pacile, J C Meyer, C O Girit, and A Zettl. The two-dimensional phase of

boron nitride: few-atomic-layer sheets and suspended membranes. Appl. Phys.

Lett., 92:133107, 2008.

[114] J C Meyer, A Chuvilin, G Algara-siller, J Biskupek, and U Kaiser. Selec-

tive sputtering and atomic resolution imaging of atomically thin boron nitride

membranes. Nano Lett., 9:2683–2689, 2009.

143



[115] W Gannett, W Regan, K Watanabe, T Taniguchi, M F Crommie, and A Zettl.

Boron nitride substrates for high mobility chemical vapor deposited graphene.

Appl. Phys. Lett., 98:242105, 2011.

[116] J A Wilson and A D Yoffe. Transition metal dichalcogenides discussion and

interpretation of observed optical, electrical and structural properties. Adv.

Phys., 18:193, 1969.

[117] R H Friend and A D Yoffe. Electronic-properties of intercalation complexes of

the transition-metal dichalcogenides. Adv. Phys., 36:1–94, 1987.

[118] R Coehoorn, C Haas, and R A Degroot. Electronic-structure of mose2, mos2,

and wse2 .2. the nature of the optical band-gaps. Phys. Rev. B, 35:6203–6206,

1987.

[119] K F Mak, C Lee, J Hone, J Shan, and T F Heinz. Atomically thin mos(2): a

new direct-gap semiconductor. Phys. Rev. Lett., 105:136805, 2010.

[120] Y H Lee, X Q Zhang, W J Zhang, M T Chang, C T Lin, K D Chang, Y C Yu,

J T W Wang, C S Chang, L J Li, and T W Lin. Synthesis of large-area mos2

atomic layers with chemical vapor deposition. Adv. Mater., 24:2320–2325, 2012.

[121] Y H Lee, L Yu, H Wang, W Fang, X i Ling, Y Shi, C T Lin, J K Huang, M T

Chang, C S Chang, M Dresselhaus, T Palacios, L J Li, and J Kong. Synthesis

and transfer of single-layer transition metal disulfides on diverse surfaces. Nano

Lett., 13:1852, 2013.

[122] K K Liu, W J Zhang, Y H Lee, Y C Lin, M T Chang, C Su, C S Chang, H Li,

Y M Shi, H Zhang, C S Lai, and L J Li. Growth of large-area and highly

crystalline mos2 thin layers on insulating substrates. Nano Lett., 12:1538–1544,

2012.

144



[123] J-K Huang, J Pu, C-L Hsu, M-H Chiu, Z-Y Juang, Y-H Chang, W-H Chang,

Y Iwaso, T Takenobu, and L-J Li. Large-area synthesis of highly crystalline

wse2 monolayers and device applications. ACS Nano, 8:923–930, 2014.

[124] J Pu, Y Yomogida, K K Liu, L J Li, Y Iwasa, and T Takenobu. Highly flexible

mos2 thin-film transistors with ion gel dielectrics. Nano Lett., 12:4013–4017,

2012.

[125] Z Yin, H Li, H Li, L Jiang, Y Shi, Y Sun, G Lu, Q Zhang, X Chen, and

H Zhang. Single-layer mos2 phototransistors. ACS Nano, 6:74–80, 2012.

[126] W J Zhao, Z Ghorannevis, L Q Chu, M L Toh, C Kloc, P H Tan, and G Eda.

Evolution of electronic structure in atomically thin sheets of ws2 and wse2. ACS

Nano, 7:791–797, 2013.

[127] K F Mak, K L He, C Lee, G H Lee, J Hone, T F Heinz, and J Shan. Tightly

bound trions in monolayer mos2. Nat. Mater., 12:207–211, 2013.

[128] A M Jones, H Y Yu, N J Ghimire, S F Wu, G Aivazian, J S Ross, B Zhao,

J Q Yan, D G Mandrus, D Xiao, W Yao, and X D Xu. Optical generation of

excitonic valley coherence in monolayer wse2. Nat. Nanotechnol., 8:634–, 2013.

[129] J Ross, A Jones, G Aivazian, D Mandrus, D Xiao, and W Yao. Electrical control

of neutral and charged excitons in a monolayer semiconductor. Nat. Commun.,

4:1474, 2013.

[130] T Korn, S Heydrich, M Hirmer, J Schmutzler, and C Schuller. Low-temperature

photocarrier dynamics in monolayer mos2. Appl. Phys. Lett., 99:102109, 2011.

[131] R Wang, B A Ruzicka, N Kumar, M Z Bellus, H Y Chiu, and H Zhao. Ultrafast

and spatially resolved studies of charge carriers in atomically thin molybdenum

disulfide. Phys. Rev. B, 86:045406, 2012.

145



[132] H Y Shi, R S Yan, S Bertolazzi, J Brivio, B Gao, A Kis, D Jena, H G Xing, and

L B Huang. Exciton dynamics in suspended mono layer and few-layer mos2 2d

crystals. ACS Nano, 7:1072–1080, 2013.

[133] R Saito, M Fujita, G Dresselhaus, and M S Dresselhaus. Electronic-structure

of chiral graphene tubules. Appl. Phys. Lett., 60:2204–2206, 1992.

[134] T. Dürkop, S. A. Getty, Enrique Cobas, and M. S. Fuhrer. Extraordinary

mobility in semiconducting carbon nanotubes. Nano Letters, 4(1):35–39, 2004.

[135] S Iijima. Helical microtubules of graphitic carbon. Nature, 354:56–58, 1991.

[136] P Avouris, M Freitag, and V Perebeinos. Carbon-nanotube photonics and

optoelectronics. Nat. Photonics, 2:341–350, 2008.

[137] S Shoji, H Suzuki, R P Zaccaria, Z Sekkat, and S Kawata. Optical polarizer

made of uniaxially aligned short single-wall carbon nanotubes embedded in a

polymer film. Phys. Rev. B, 77:153407, 2008.

[138] B G Kang, Y J Lim, K U Jeong, K Lee, Y H Lee, and S H Lee. A tunable

carbon nanotube polarizer. Nanotechnology, 21:405202, 2010.

[139] F Yan, C Yu, H Park, E P J Parrott, and E Pickwell-MacPherson. Advances

in polarizer technology for terahertz frequency applications. J. Infrared Millim.

Terahertz Waves, 34:489–499, 2013.

[140] L Ren, C L Pint, L G Booshenri, W D Rice, X F Wang, D J Hilton, K Takeya,

I Kawayama, M Tonouchi, R H Hauge, and J Kono. Carbon nanotube terahertz

polarizer. Nano Lett., 9:2610–2613, 2009.

[141] L Ren, C L Pint, T Arikawa, K Takeya, I Kawayama, M Tonouchi, R H Hauge,

and J Kono. Broadband terahertz polarizers with ideal performance based on

aligned carbon nanotube stacks. Nano Lett., 12:787–790, 2012.

146



[142] A Hagen, M Steiner, M B Raschke, C Lienau, T Hertel, H H Qian, A J Meixner,

and A Hartschuh. Exponential decay lifetimes of excitons in individual single-

walled carbon nanotubes. Phys. Rev. Lett., 95:197401, 2005.

[143] L B Huang and T D Krauss. Quantized bimolecular auger recombination of

excitons in single-walled carbon nanotubes. Phys. Rev. Lett., 96:057407, 2006.

[144] X Xu, K Chuang, R J Nicholas, M B Johnston, and L M Herz. Terahertz

excitonic response of isolated single-walled carbon nanotubes. J. Phys. Chem.

C, 113:18106–18109, 2009.

[145] X L Xu, P Parkinson, K-C Chuang, M B Johnston, R J Nicholas, and L M

Herz. Dynamic terahertz polarization in single-walled carbon nanotubes. Phys.

Rev. B, 82:085441, 2010.

[146] A K Geim. Graphene: status and prospects. Science, 324:1530–1534, 2009.

[147] Y M Lin, K A Jenkins, A Valdes-garcia, J P Small, D B Farmer, and P Avouris.

Operation of graphene transistors at gigahertz frequencies. Nano Lett., 9:422–

426, 2009.

[148] Y M Lin, A Valdes-garcia, S J Han, D B Farmer, I Meric, Y N Sun, Y Q Wu,

C Dimitrakopoulos, A Grill, P Avouris, and K A Jenkins. Wafer-scale graphene

integrated circuit. Science, 332:1294–1297, 2011.

[149] Q L Bao and K P Loh. Graphene photonics, plasmonics, and broadband opto-

electronic devices. ACS Nano, 6:3677–3694, 2012.

[150] X S Li, W W Cai, J H An, S Kim, J Nah, D X Yang, R Piner, A Velamakanni,

I Jung, E Tutuc, S K Banerjee, L Colombo, and R S Ruoff. Large-area synthesis

of high-quality and uniform graphene films on copper foils. Science, 324:1312–

1314, 2009.

147



[151] M B Klarskov, H F Dam, D H Petersen, T M Hansen, A Lowenborg, T J

Booth, M S Schmidt, R Lin, P F Nielsen, and P Boggild. Fast and direct

measurements of the electrical properties of graphene using micro four-point

probes. Nanotechnology, 22:445702, 2011.

[152] C J Docherty and M B Johnston. Terahertz properties of graphene. J Infrared

Milli Terahz Waves, 33:797, 2012.

[153] A Gupta, G Chen, P Joshi, S Tadigadapa, and P C Eklund. Raman scattering

from high-frequency phonons in supported n-graphene layer films. Nano Lett.,

6:2667–2673, 2006.

[154] Y M Shi, W J Fang, K K Zhang, W J Zhang, and L J Li. Photoelectrical

response in single-layer graphene transistors. Small, 5:2005–2011, 2009.

[155] B K Daas, W K Nomani, K M Daniels, T S Sudarshan, G Koley, and M V S

Chandrashekhar. Molecular gas adsorption induced carrier transport studies of

epitaxial graphene using ir reflection spectroscopy. arXiv:1201.4746v1, 2012.

[156] E Alexeev, J Moger, and E Hendry. Photo-induced doping and strain in exfo-

liated graphene. Appl. Phys. Lett., 103:151907, 2013.

[157] M van Exter, C Fattinger, and D Grischkowsky. Terahertz time-domain spec-

troscopy of water vapor. Opt. Lett., 14:1128–1130, 1989.

[158] D Grischkowsky, S Keiding, M van Exter, and C Fattinger. Far-infrared time-

domain spectroscopy with terahertz beams of dielectrics and semiconductors.

J. Opt. Soc. Am. B-Opt. Phys., 7:2006–2015, 1990.

[159] P Parkinson, H J Joyce, Q Gao, H H Tan, X Zhang, J Zou, C Jagadish, L M

Herz, and M B Johnston. Carrier lifetime and mobility enhancement in nearly

148



defect-free core–shell nanowires measured using time-resolved terahertz spec-

troscopy. Nano Lett., 9:3349–3353, 2009.

[160] H Ulbricht, G Moos, and T Hertel. Physisorption of molecular oxygen on single-

wall carbon nanotube bundles and graphite. Phys. Rev. B, 66:075404, 2002.

[161] J H Ulbricht, R Zacharia, N Cindir, and T Hertel. Thermal desorption of gases

and solvents from graphite and carbon nanotube surfaces. Carbon, 44:2931–

2942, 2006.

[162] J Ito, J Nakamura, and A Natori. Semiconducting nature of the oxygen-

adsorbed graphene sheet. J. Appl. Phys., 103:113712, 2008.

[163] J Berashevich and T Chakraborty. Tunable band gap and magnetic ordering

by adsorption of molecules on graphene. Phys. Rev. B, 80:033404, 2009.

[164] J Y Dai and J M Yuan. Adsorption of molecular oxygen on doped graphene:

atomic, electronic, and magnetic properties. Phys. Rev. B, 81:165414, 2010.

[165] T Ando. The electronic properties of graphene and carbon nanotubes. NPG

Asia Mater., 1:17–21, 2009.

[166] S Ryu, L Liu, S Berciaud, Y J Yu, H T Liu, P Kim, G W Flynn, and L E Brus.

Atmospheric oxygen binding and hole doping in deformed graphene on a sio2

substrate. Nano Lett., 10:4944–, 2010.

[167] Y Sato, K Takai, and T Enoki. Electrically controlled adsorption of oxygen in

bilayer graphene devices. Nano Lett., 11:3468–3475, 2011.

[168] S F Shi, T T Tang, B Zeng, L Ju, Q Zhou, A Zettl, and F Wang. Controlling

graphene ultrafast hot carrier response from metal-like to semiconductor-like

by electrostatic gating. Nano Lett., 14:1578–1582, 2014.

149



[169] F W Smith, H Q Le, V Diadiuk, M A Hollis, A R Calawa, S Gupta, M Frankel,

D R Dykaar, G A Mourou, and T Y Hsiang. Picosecond gaas-based photocon-

ductive optoelectronic detectors. Appl. Phys. Lett., 54:890–892, 1989.

[170] D D Nolte. Semi-insulating semiconductor heterostructures: Optoelectronic

properties and applications. J. Appl. Phys., 85:6259–6289, 1999.

[171] A Krotkus. Semiconductors for terahertz photonics applications. J. Phys. D-

Appl. Phys., 43:273001, 2010.

[172] H S Loka, S D Benjamin, and P W E Smith. Optical characterization of low-

temperature-grown gaas for ultrafast all-optical switching devices. IEEE J.

Quantum Electron., 34:1426–1437, 1998.

[173] Y C Shen, P C Upadhya, E H Linfield, H E Beere, and A G Davies. Ultra-

broadband terahertz radiation from low-temperature-grown gaas photoconduc-

tive emitters. Appl. Phys. Lett., 83:3117–3119, 2003.

[174] K S Novoselov, D Jiang, F Schedin, T J Booth, V V Khotkevich, S V Morozov,

and A K Geim. Two-dimensional atomic crystals. Proc. Natl. Acad. Sci. U. S.

A., 102:10451–10453, 2005.

[175] D Jariwala, V K Sangwan, L J Lauhon, T J Marks, and M C Hersam. Emerg-

ing device applications for semiconducting two-dimensional transition metal

dichalcogenides. ACS Nano, page DOI: 10.1021/nn500064s, 2014.

[176] Y Kim, J L Huang, and C M Lieber. Characterization of nanometer scale

wear and oxidation of transition-metal dichalcogenide lubricants by atomic force

microscopy. Appl. Phys. Lett., 59:3404–3406, 1991.

150



[177] H I Karunadasa, E Montalvo, Y J Sun, M Majda, J R Long, and C J Chang.

A molecular mos2 edge site mimic for catalytic hydrogen generation. Science,

335:698–702, 2012.

[178] A Splendiani, L Sun, Y B Zhang, T S Li, J Kim, C Y Chim, G Galli, and

F Wang. Emerging photoluminescence in monolayer mos2. Nano Lett., 10:1271–

1275, 2010.

[179] Z Y Yin, H Li, H Li, L Jiang, Y M Shi, Y H Sun, G Lu, Q Zhang, X D Chen,

and H Zhang. Single-layer mos2 phototransistors. ACS Nano, 6:74–80, 2012.

[180] W Choi, M Y Cho, A Konar, J H Lee, G B Cha, S C Hong, S Kim, J Kim,

D Jena, J Joo, and S Kim. High-detectivity multilayer mos2 phototransistors

with spectral response from ultraviolet to infrared. Adv. Mater., 24:5832–5836,

2012.

[181] O Lopez-sanchez, D Lembke, M Kayci, A Radenovic, and A Kis. Ultrasensitive

photodetectors based on monolayer mos2. Nat. Nanotechnol., 8:497–501, 2013.

[182] J N Coleman, M Lotya, A ONeill, S D Bergin, P J King, U Khan, K Young,

A Gaucher, S De, R J Smith, I V Shvets, S K Arora, G Stanton, H Y

Kim, K Lee, G T Kim, G S Duesberg, T Hallam, and V Nicolosi. Two-

dimensional nanosheets produced by liquid exfoliation of layered materials. Sci-

ence, 331:568–571, 2011.

[183] H Wang, L L Yu, Y H Lee, Y M Shi, A Hsu, M L Chin, L J Li, M Dubey,

J Kong, and T Palacios. Integrated circuits based on bilayer mos2 transistors.

Nano Lett., 12:4674–4680, 2012.

[184] B Radisavljevic, M B Whitwick, and A Kis. Small-signal amplifier based on

single-layer mos2. Appl. Phys. Lett., 101:043103, 2012.

151



[185] B Radisavljevic and A Kis. Mobility engineering and a metal-insulator transi-

tion in monolayer mos2. Nat. Mater., 12:815–820, 2013.

[186] W Zhang, C-P Chuu, J-K Huang, C-H Chen, M-L Tsai, Y-H Chang, C-T

Liang, J-H He, M-Y Chou, and L-J Li. Ultrahigh-gain photodetectors based on

atomically thin graphene-mos2 heterostructures. Sci. Rep., 4:3826, 2014.

[187] S Bertolazzi, D Krasnozhon, and A Kis. Nonvolatile memory cells based on

mos2/graphene heterostructures. ACS Nano, 7:3246–3252, 2013.

[188] K Kaasbjerg, K S Thygesen, and K W Jacobsen. Phonon-limited mobility in

n-type single-layer mos2 from first principles. Phys. Rev. B, 85:115317, 2012.

[189] S Das, H Y Chen, A V Penumatcha, and J Appenzeller. High performance

multilayer mos2 transistors with scandium contacts. Nano Lett., 13:100–105,

2013.

[190] H Shi, H Pan, Y W Zhang, and B . I . Yakobson. Quasiparticle band structures

and optical properties of strained monolayer mos2 and ws2. Phys. Rev. B,

87:155304, 2013.

[191] S Yoshida, Y Terada, M Yokota, O Takeuchi, Y Meray, and H Shigekawa.

Direct probing of transient photocurrent dynamics in p-wse2 by time-resolved

scanning tunneling microscopy. Appl. Phys. Express, 6:016601, 2013.

[192] P Tonndorf, R Schmidt, P Bottger, X Zhang, J Borner, A Liebig, M Albrecht,

C Kloc, O Gordan, D R T Zahn, and R Bratschitsch. Photoluminescence emis-

sion and raman response of monolayer mos2, mose2, and wse2. Opt. Express,

21:4908–4916, 2013.

152



[193] R Sundaram, M Engel, A Lombardo, R Krupke, A Ferrari, P h Avouris, and

M Steiner. Electroluminescence in single layer mos2. Nano Lett., 13:1416–1421,

2013.

[194] C Lee, H Yan, L E Brus, T F Heinz, J Hone, and S Ryu. Anomalous lattice

vibrations of single- and few-layer mos2. ACS Nano, 4:2695–2700, 2010.

[195] C K Yong, H J Joyce, J Lloyd-Hughes, Q Gao, H H Tan, C Jagadish, M B John-

ston, and L M Herz. Ultrafast dynamics of exciton formation in semiconductor

nanowires. Small, 8:1725–1731, 2012.

[196] H J Joyce, J Wong-Leung, C Yong, C J Docherty, S Paiman, Q Gao, H H Tan,

C Jagadish, J Lloyd-Hughes, L M Herz, and M B Johnston. Ultra-low surface

recombination velocity in inp nanowires probed by terahertz spectroscopy. Nano

Lett., 12:5325–5330, 2012.

[197] H J Joyce, C J Docherty, Q Gao, H H Tan, C Jagadish, J Lloyd-Hughes, L M

Herz, and M B Johnston. Electronic properties of gaas, inas and inp nanowires

studied by terahertz spectroscopy. Nanotechnology, 24:214006, 2013.

[198] E Fortin and F Raga. Excitons in molybdenum-disulfide. Phys. Rev. B, 11:905–

912, 1975.

[199] N Petrone, C R Dean, I Meric, P Y Huang, L Wang, D Muller, K L Shep-

ard, and J Hone. Chemical vapor deposition-derived graphene with electrical

performance of exfoliated graphene. Nano Lett., 12:2751–2756, 2012.

[200] R J Smith, P J King, M Lotya, C Wirtz, U Khan, S De, A O’Neill, G S

Duesberg, J C Grunlan, G Moriarty, J Chen, J Z Wang, A I Minett, V Nicolosi,

and J N Coleman. Large-scale exfoliation of inorganic layered compounds in

aqueous surfactant solutions. Adv. Mater., 23:3944–+, 2011.

153



[201] Y L Liang, R J Feng, S Q Yang, H Ma, J Liang, and J Chen. Rechargeable

mg batteries with graphene-like mos2 cathode and ultrasmall mg nanoparticle

anode. Adv. Mater., 23:640–+, 2011.

[202] J Xiao, D W Choi, L Cosimbescu, P Koech, J Liu, and J P Lemmon. Exfoliated

mos2 nanocomposite as an anode material for lithium ion batteries. Chem. Mat.,

22:4522–4524, 2010.

[203] U Khan, A O’Neill, M Lotya, S De, and J N Coleman. High-concentration

solvent exfoliation of graphene. Small, 6:864–871, 2010.

[204] J N Coleman, M Lotya, A O’Neill, S D Bergin, P J King, U Khan, K Young,

A Gaucher, S De, R J Smith, I V Shvets, S K Arora, G Stanton, H Y

Kim, K Lee, G T Kim, G S Duesberg, T Hallam, and V Nicolosi. Two-

dimensional nanosheets produced by liquid exfoliation of layered materials. Sci-

ence, 331:568–571, 2011.

[205] G Cunningham, M Lotya, N McEvoy, G S Duesberg, and J N Coleman. Per-

colation scaling in composites of exfoliated mos2 filled with nanotubes and

graphene. Nanoscale, 4:6260–6264, 2012.

[206] G Cunningham, M Lotya, C S Cucinotta, S Sanvito, S D Bergin, R Men-

zel, M S P Shaffer, and J N Coleman. Solvent exfoliation of transition metal

dichalcogenides: dispersibility of exfoliated nanosheets varies only weakly be-

tween compounds. ACS Nano, 6:3468–3480, 2012.

[207] P Blake, P D Brimicombe, R R Nair, T J Booth, D Jiang, F Schedin, L A

Ponomarenko, S V Morozov, H F Gleeson, E W Hill, A K Geim, and K S

Novoselov. Graphene-based liquid crystal device. Nano Lett., 8:1704–1708,

2008.

154



[208] F Torrisi, T Hasan, W P Wu, Z P Sun, A Lombardo, T S Kulmala, G W Hsieh,

S J Jung, F Bonaccorso, P J Paul, D P Chu, and A C Ferrari. Inkjet-printed

graphene electronics. ACS Nano, 6:2992–3006, 2012.

[209] P May, U Khan, A O’Neill, and J N Coleman. Approaching the theoretical

limit for reinforcing polymers with graphene. J. Mater. Chem., 22:1278–1282,

2012.

[210] G D Du, Z P Guo, S-Q Wang, R Zeng, Z X Chen, and H K Liu. Superior

stability and high capacity of restacked molybdenum disulfide as anode material

for lithium ion batteries. Chem. Commun., 46:1106–1108, 2010.

[211] B Mendoza-sanchez, B Rasche, V Nicolosi, and P S Grant. Scaleable ultra-thin

and high power density graphene electrochemical capacitor electrodes manufac-

tured by aqueous exfoliation and spray deposition. Carbon, 52:337–346, 2013.

[212] A B Laursen, S Kegnaes, S Dahl, and I Chorkendorff. Molybdenum sulfides-

efficient and viable materials for electro - and photoelectrocatalytic hydrogen

evolution. Energy Environ. Sci., 5:5577–5591, 2012.

[213] C Cocchi, D Prezzi, A Ruini, E Benassi, M J Caldas, S Corni, and E Molinari.

Optical excitations and field enhancement in short graphene nanoribbons. J.

Phys. Chem. Lett., 3:924–929, 2012.

[214] M Jablan, H Buljan, and M Soljacic. Plasmonics in graphene at infrared fre-

quencies. Phys. Rev. B, 80:245435, 2009.

[215] M Tonouchi. Cutting-edge terahertz technology. Nat. Photon., 1:97–105, 2007.

[216] B S Williams. Terahertz quantum-cascade lasers. Nat. Photonics, 1:517–525,

2007.

155



[217] M Rahm, J S Li, and W J Padilla. Thz wave modulators: a brief review on

different modulation techniques. J. Infrared Millim. Terahertz Waves, 34:1–27,

2013.

[218] H Alius and G Dodel. Amplitude-modulation, phase-modulation, and

frequency-modulation of far-infrared radiation by optical-excitation of silicon.

Infrared Phys., 32:1–11, 1991.

[219] T Nozokido, H Minamide, and K Mizuno. Modulation of submillimeter wave

radiation by laser-produced free carriers in semiconductors. Electron. Commun.

Jpn. Pt. II-Electron., 80:1–9, 1997.

[220] L Fekete, F Kadlec, P Kužel, and H Němec. Ultrafast opto-terahertz photonic

crystal modulator. Opt. Lett., 32:680–682, 2007.

[221] H T Chen, W J Padilla, J M O Zide, A C Gossard, A J Taylor, and R D Averitt.

Active terahertz metamaterial devices. Nature, 444:597–600, 2006.

[222] R S Yan, B Sensale-rodriguez, L Liu, D Jena, and H G Xing. A new class of

electrically tunable metamaterial terahertz modulators. Opt. Express, 20:28664–

28671, 2012.

[223] C F Hsieh, Y C Lai, R P Pan, and C-L Pan. Polarizing terahertz waves with

nematic liquid crystals. Opt. Lett., 33:1174–1176, 2008.

[224] H Park, E P J Parrott, F Fan, M Lim, H Han, V G Chigrinov, and E Pickwell-

MacPherson. Evaluating liquid crystal properties for use in terahertz devices.

Opt. Express, 20:11899–11905, 2012.

[225] Z Huang, H Park, E P J Parrott, H P Chan, and E Pickwell-MacPherson.

Robust thin-film wire-grid thz polarizer fabricated via a low-cost approach.

IEEE Photonics Technol. Lett., 25:81–84, 2013.

156



[226] H Park, E P J Parrott, Z Huang, H P Chan, and E Pickwell-MacPherson.

Accurate photoconductive antenna characterization using a thin film polarizer.

Appl. Phys. Lett., 101:121108, 2012.

[227] A Nish, J Y Hwang, J Doig, and R J Nicholas. Highly selective dispersion

of singlewalled carbon nanotubes using aromatic polymers. Nat. Nanotechnol.,

2:640–646, 2007.

[228] S D Stranks, A M R Baker, J A Alexander-Webber, B Dirks, and R J Nicholas.

Production of high-purity single-chirality carbon nanotube hybrids by selective

polymer exchange. Small, 9:2245–2249, 2013.

[229] S D Stranks, S N Habisreutinger, B Dirks, and R J Nicholas. Novel carbon

nanotube-conjugated polymer nanohybrids produced by multiple polymer pro-

cessing. Adv. Mater., 25:4365–4371, 2013.

[230] F Wang, G Dukovic, L E Brus, and T F Heinz. Time-resolved fluorescence of

carbon nanotubes and its implication for radiative lifetimes. Phys. Rev. Lett.,

92:177401, 2004.

[231] Y Z Ma, L Valkunas, S L Dexheimer, S M Bachilo, and G R Fleming. Fem-

tosecond spectroscopy of optical excitations in single-walled carbon nanotubes:

Evidence for exciton-exciton annihilation. Phys. Rev. Lett., 94:157402, 2005.

[232] K S Novoselov, V I Fal’ko, L Colombo, P R Gellert, M G Schwab, and K Kim.

A roadmap for graphene. Nature, 490:192–200, 2012.

[233] J M Dai, J Liu, and X-C Zhang. Terahertz wave air photonics: terahertz wave

generation and detection with laser-induced gas plasma. IEEE J. Sel. Top.

Quantum Electron., 17:183–190, 2011.

157



[234] X F Lu and X-C Zhang. Balanced terahertz wave air-biased-coherent-detection.

Appl. Phys. Lett., 98:151111, 2011.

[235] H Sahin, S Cahangirov, M Topsakal, E Bekaroglu, E Akturk, R T Senger, and

S Ciraci. Monolayer honeycomb structures of group-iv elements and iii-v binary

compounds: first-principles calculations. Phys. Rev. B, 80:155453, 2009.

158


