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Abstract

This thesis investigates Graphene, a gapless semi-conductor with relativistic-like electron
behaviour, using on-chip terahertz time-domain spectroscopy (OC-THz-TDS). In this
technique single-cycle THz frequency pulses are emitted, guided by waveguides, and
detected on a single chip. The device fabrication is achieved by incorporating planar
Goubau line waveguides with epitaxial GaAs and graphene grown by chemical vapour
deposition. Spectroscopy of these devices, with graphene spanning a small gap between
the waveguides, reveals large oscillations that are mainly attributed to the gap and other
waveguide features. Optical-pump terahertz-probe measurements are used to isolate the
contribution of the graphene sample, and to observe the (picosecond timescale) hot-

carrier lifetime.

The ultrafast carrier dynamics of graphene are then applied to demonstrate the first
known measurements of graphene as an on-chip terahertz photoconductive detector;
operating at frequencies up to 600 GHz. Pulsed terahertz emission from graphene is also
demonstrated for a range of bias voltages, and considerations towards the design of all-

graphene on-chip terahertz devices is discussed.

The spatial dependence of picosecond pulse detection using graphene is also investigated,
achieved by mapping the optical probe location for a variety of switch geometries. A
better understanding of the interaction of the terahertz field with the graphene over
distances of 50 to 200 um is obtained, which may be used to improve performance and

build towards making graphene a viable option in commercial THz-TDS systems.
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Chapter 1: Introduction

Terahertz (THz) radiation lies between the microwave and infrared region of the
electromagnetic spectrum (covering the range roughly from 300 GHz to 10 THz) and
has many proposed applications across the fields of imaging,' sensing’ and
communications.’ It is non-ionising, non-destructive and can spectroscopically identify a
large number of materials, including drugs of abuse and explosives.* Despite being
utilised for research purposes for over 60 years, specific industrial applications have been
slow to emerge, as a result of many current THz technologies offering either low power,
being very large (requiring expensive laser systems) or requiring cryogenic cooling. As
the research field has expanded, increasing pressure has been placed on the community
to produce new materials to generate or detect THz radiation, which are inexpensive,

more powerful and can operate at room temperature.

Since its discovery,” graphene has been shown to exhibit high room-temperature cartier
mobility,” a wide-band optical transparency in the infrared and visible light ranges,® and
fast (relative to many semiconductors) hot-cartier transport dynamics,” where the kinetic
energy of the photoexcited carriers exceeds that of lattice. Investigations of the high

frequency properties of graphene have demonstrated picosecond (ps) hot-carrier

10-13 14,15

lifetimes and THz frequency oscillations of the carrier density “ that have been
exploited for a range of applications, such as THz frequency emission'® or amplification."”
Monolayer graphene transistors have also been demonstrated at frequencies approaching
the THz band,'®" although these devices show rather low modulation ratios, which limit
their potential as logic based components for computing. However, for analogue
applications such as communications or sensing, graphene has the potential to be
produced cheaply”, making it preferable provided its performance can match that of

current semiconductor technology.

This project set out to study the terahertz properties of graphene using spectroscopic
techniques. The optical conductivity of graphene in the visible range is frequency
independent and is determined by the fine constant,” while at terahertz frequencies, the
conductivity of graphene has been shown to sharply increase due to Drude absorption.”
Subsequent experimental investigations of this effect have studied the THz field

227 45 shown

propagation as it travels perpendicular to the plane of the graphene sheet,
in Figure 1.1 (a). These revealed that the presence of multiple graphene layers,* changes

in temperature,” and variations of carrier density” each affected the fast carrier dynamics.
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Such measurements do not, however, allow the dynamics of the electrons, in the plane
of the graphene, to be measured. These are important for obtaining a more complete
understanding of the THz interaction with carriers and quasiparticles (plasmons,
collective oscillations in the carrier distribution, for example) in the graphene, and could
potentially allow their propagation velocity to be measured. To study these dynamics,
THz time-domain spectroscopy (THz-TDS) techniques can be used to couple radiation
via a waveguide directly to the edge of a graphene sheet as shown in Figure 1.1 (b).
Detection of the THz-TDS signal at the other side of the graphene could allow sub-ps
resolution measurements of the pulse propagation in the graphene. Frequency-domain
spectroscopy of the graphene can also be performed by obtaining a fast Fourier

transform of the time-domain data, as in the perpendicular measurements.

When the pulse propagation is in the same plane as the graphene, more direct
measurements of the electronic and plasmonic effects in graphene can be observed. This
is a rapidly growing field of research,"** which has proposed a range of passive” and

active®®

graphene devices for use in the terahertz range. As these frequencies are
difficult to measure with conventional electronics, the field of graphene terahertz
plasmonics is relatively unexplored. To date, the experimental configuration of Figure
1.1 (b) has only been performed at frequencies up to ~110 GHz where simple graphene
transmission lines” and transient current excitation of graphene magneto-plasmons
(plasmons controlled by a magnetic field)** have been studied. The work conducted in
this thesis demonstrates a design and experimental configuration for testing THz pulse
interaction in the same plane as the graphene by using on-chip THz-TDS
(OC-THz-TDS) systems,” and presents the time- and frequency-domain results for a
number of graphene configurations. Resonances are found in these measurements and a
number of sources are considered, including plasmonic effects.
(a) (b)

Terahertz
propagation

Figure 1.1: Methods for producing interaction between graphene and a
terahertz field. (a) Pulse propagation that is perpendicular to the graphene
plane using free space radiation. (b) Parallel pulse propagation to the graphene
plane, where the graphene is directly coupled to an on-chip transmission line.
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As a result of studying graphene in this configuration, terahertz pulse detection by
optically sampling the graphene itself was found to be possible. Graphene
photodetection using visible and infrared light has previously been demonstrated at
optical modulation frequencies up to tens of gigahertz.””® In this thesis, it is shown that
by generating pulses using high-performance low-temperature-grown gallium arsenide
(LT-GaAs) and established OC-THz-TDS techniques,”** graphene photodetectors can
operate at frequencies exceeding 600 GHz. In addition, the generation of few-picosecond
pulses from voltage-biased graphene is also observed, supporting previous work based
on un-biased, suspended graphene.*’ Such developments could lead to graphene-based

on-chip THz sensors with the potential to significantly reduce the overall cost of

OC-THz-TDS systems.

1.1 Structure of this thesis

Chapter 2 presents a background of OC-THz-TDS with particular emphasis on the
materials and designs used throughout the thesis, including planar Goubau lines. A short
background of graphene is also given and the key literature for the DC electronic, high

frequency terahertz and optical properties is discussed.

The processing steps that were used to fabricate graphene OC-THz-TDS devices are
documented in Chapter 3, and the developments that were implemented to increase
device yield are also discussed. The specific system configuration chosen for the
OC-THz-TDS system used here is also described. Characterisation of L'T-GaAs material
anneal temperatures are then discussed, using a range of characterisation techniques, also
providing an introduction to the measurements that are used throughout the thesis. The

Raman spectroscopy methods used to characterise graphene are also presented.

Chapter 4 initially presents and characterises the graphene OC-THz-TDS device design
that is used for measurements in Chapters 4, 5 and 6. A sequence of graphene
spectroscopy geometries are presented and tested, gradually increasing in complexity.
Spectroscopy of optically pumped graphene is then demonstrated and the results are

discussed.

Picosecond pulse detection using graphene as a photoconductive detector and emitter is
demonstrated independently in Chapter 5, using LT-GaAs to characterise each
technique. Measurements of simultaneous graphene pulse emission and detection are

also presented, and the results are discussed.
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Chapter 6 investigates the graphene detected picosecond pulse signal as a function of the
spatial probing location. Measurements are made along the length of a rectangular
graphene strip, where the width of the strip is of similar dimensions to the laser spot size.

2D mapping of the laser spot on larger semi-circle graphene regions are also presented.

Chapter 7 concludes the work of the project by summarising the key results and

suggesting topics for future work.
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Chapter 2: Background and theory

2.1 Introduction

This chapter discusses the relevant literature and highlights the key principles used for
investigating picosecond phenomenon in graphene. It will, first of all, introduce on-chip
terahertz time-domain spectroscopy (OC-THz-TDS) systems, giving a brief background
to the technology and its applications. The individual components of the THz-TDS
system are then discussed, including a comparison of some of the key terahertz
waveguide geometries. The Goubau waveguide geometry used throughout this thesis is
then discussed in detail in Section 2.3. In Section 2.4 of this chapter, some of the key
electronic, terahertz and optical properties of graphene are discussed. Throughout this
section, justifications are given as to why this is an interesting material for picosecond
time-scale measurements and literature is presented on the mechanisms that are

important throughout this thesis.

2.2 On-chip terahertz time-domain spectroscopy

2.2.1 Introduction

The THz frequency band (0.3 — 10 THz) is particularly useful for spectroscopy of
materials, since it offers a non-destructive means to observe low energy molecular
transitions and vibrations. THz spectroscopy was preceded by mm-wave (30 to
300 GHz) spectroscopy. The mm-wave band was developed to increase the resolution
of radar technology after World War I1.* The technology and techniques quickly
advanced operating frequencies, reaching the lower end of the THz band in 1954.* The
experimental configuration for measuring the time-domain response of mm-wave pulses
was developed in the mid 1970’s,” and subsequent advances in photoconductive

43,44

materials™* supported the implementation of the first on-chip THz time-domain

spectroscopy (OC-THz-TDS) system.*

The first application of THz-TDS investigated changes of permittivity in GaAs as a
function of sub-picosecond optical illumination, measured by the phase of THz pulse

reflections at a LiTaO;3-GaAs impedance mismatch.*

Applications then advanced onto
spectroscopy of materials such as erbium iron garnets,"’ and crystalline materials such as
lactose monohydrate.” The generation and detection of THz radiation in free space (FS-
THz-TDS) was developed shortly after OC-THz-TDS and allowed higher bandwidth

and collection efficiency.” This configuration also allowed fast transmission

measurements of many different samples by placing them directly in the terahertz beam
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path. The bandwidth of FS-THz-TDS systems was increased by using optical

rectification,””!

which is only limited by the duration of the ultrafast laser source, rather
than the carrier dynamics of photoconductive material. THz-TDS spectroscopy came
full circle in 2004 when the free space radiation was coupled into a single wire
transmission line, demonstrating the coupling efficiency and transmission capabilities of

a single wire,” or Sommerfeld line,” at terahertz frequencies, an adaptation of which is

further discussed in Section 2.3.

FS-THz-TDS systems are most commonly used to inspect the frequency dependent
transmission or reflection components of materials in the frequency range from DC to
tens of terahertz. The fast Fourier transform (FFT) of the pulse can have resolutions as
low as tens of GHz depending on size of the reflection-free time window, where the
reflections can be caused by emitters, detectors or the sample itself. To guide the THz
pulse FS-THz-TDS systems use a range parabolic mirrors and other THz optics that are
often as large as 2 to 10 cm each. In contrast, OC-THz-TDS can incorporate emitters,
detectors, samples and waveguides onto devices that are less than 1 cm®. The waveguides
provide sub-wavelength confinement and allow stronger field interaction when working
with small sample sizes. As the pulse propagates along the surface of the sample, relatively
long interaction lengths can be obtained (compared with free-space THz-TDS) even
when measuring thin samples. This is especially useful for investigating spectral
phenomenon in low-dimensional semiconductors, such as resonant plasmon and
54-56

magneto-plasmon effects in 2-dimensional electron gasses,” ™ and the spectroscopy of

1-dimensional carbon nanotubes.”’

The following sections will give an overview of the components of an OC-THz-TDS
system, used in this work, with a focus on how they can be tailored for the study of
graphene. Section 3.2 will give a more detailed description of the system and its

constituent components.

2.2.2 System overview

A schematic diagram of an OC-THz-TDS system is outlined in Figure 2.1. First, a pulsed
laser (typically generating 10-100 fs duration pulses) emits a beam which is split into two
paths; one path excites an emitter to generate a single-cycle THz pulse (lasting a fraction
of a picosecond), while the other path illuminates a sampling detector. Control over one
of the two path lengths, using a linear motion stage, allows convolution of the shorter
sampling pulse with the broader terahertz pulse. By measuring many discrete samples
across a range of stage positions (encompassing times before, during, and after the pulse

arrival time), a reconstruction of the terahertz pulse shape can be made as it arrives at the
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Figure 2.1: Schematic configuration for an on-chip THz-TDS system.

detector. The information retrieved is in the form of a pulse in the time-domain and,
with a suitable reference measurement, the broadband amplitude and phase information
of a particular sample are all recorded in a single scan. From this information, the

complex permittivity of a sample can be extracted.

2.2.3 Photoconductive switches

Photoconductive switching involves the (short pulsed) illumination of a material to
change its conductivity and hence, if the material is biased, a transient change in the flow
of current will occur. This photoconductive effect is used in a range of devices such as
light sensors, fibre optic receivers and digital cameras. In traditional semiconductors, the
effect only occurs if the electron energy is larger than the bandgap of the
photoconductive material. This causes an electron to be excited from the ground state in
the valence band to an excited state in the conduction band, leaving a hole behind. If the
material is subjected to a voltage bias, these charge carriers (both electron and hole) will
flow across the device either until they hit a defect and emit a phonon, recombine by
emission of a photon (as in an LED) or until they transfer energy into another carrier

(Auger recombination).

The generation of terahertz signals by photoconductive switching requires fast carrier

dynamics, including short carrier generation and recombination times. In the nearfield,

the THz field that is coupled to the on-chip waveguide Ery,(t) o J(t), where J is the
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current density and is given by J = J, + J, = e[nv, + pv,]. The magnitude of the

radiated electric field in the far field regime is given by

Erqa(t) « g
ot
@)
Where this equation can be expanded to become
E .q(t) xe ve(;—rtl+ vh%+ nddv: +p% .
(2-2)

The terms dn/dt and dp/dt are representative of the rate at which the electron-hole
pairs are generated and recombined. Therefore, to obtain the largest field strength in the
near- or far- field regimes: the power of the laser pulse should be large; the laser pulse
should be as short as possible; and the carriers should recombine quickly afterwards.
Lasers with pulse widths in the region of 10 fs — 100 fs and suitably large “output” power
are commercially available. The recombination time, however, is usually an intrinsic
property of the photoconductive material. Furthermore, the latter two terms in Equation
2-2 require the acceleration of charge carriers due to the electrical bias; this means that
the amplitude of the emitted pulse is proportional to the electric field across the gap and
the mobility of the carriers. It is clear that the properties of the photoconductive material
play a key role in the emission of THz radiation. There are three main properties that

contribute to this, which will be discussed in the following sub-sections.

2.2.3.1 Intrinsic response time
Most semiconductor materials are photoconductive to some extent but many, such as Si,
GaAs and InGaAs, are limited to operation at high microwave frequencies due to their

intrinsic response time, given by
tr_1 = trec_1 + tt_l )
(2-3)

where t,... is the carrier recombination time, and ¢, is the carrier transit time. Although
the recombination time is a property of the semiconductor, and cannot be changed, the
transit time can be reduced (by introducing point defects into the material, for example).
This is typically done by either by performing the MBE growth of GaAs at a lower
temperature (L.T-GaAs),” or by implanting high energy (MeV) ions into the

semiconductor wafer using a particle accelerator.” The former method works by using
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more arsenic than gallium, and by preventing the arsenic from reaching temperatures
where it can diffuse in an even manner. Instead, islands of As form throughout the lattice,
which then act as carrier traps and reduce the average transit time. The defects and lattice-
strain from this type of growth also adversely affect the mobility, so post-growth
annealing is usually performed to (partially) precipitate the As in a controllable way. This
process has to be tailored for each wafer growth recipe to obtain the best possible

performance.

The carrier transit time t; can be also be reduced by minimising the size of the metal-
semiconductor-metal gap. It has been shown that bandwidths up to 510 GHz for 300 nm
inter-digitated transducers on GaAs can be achieved.” However, LT-GaAs and ion
implanted GaAs is advantageous as the material can be produced at wafer scales and

allow for scalability of switches to optimise the total switch power.

2.2.3.2 Material dark resistivity
The material resistivity ideally would be zero under illumination, and infinite otherwise,
allowing maximum modulation of the current and, hence, the largest amplitude transients
could be achieved. Unfortunately, real semiconductors do not possess this property
owing to dark currents that are created by thermal excitation at room temperature and
non-zero intrinsic doping levels. LT-GaAs in its un-annealed state has a low resistivity,
which is assumed to be from hopping across the conductive defect sites. Again, this may

be improved by post-growth annealing of the wafer.>®

2.2.3.3 Carrier mobility
To ensure the minimum possible rise time and, hence, the highest bandwidth, the carriers
must be able to accelerate as quickly as possible after excitation. Typically, a perfectly
arranged lattice will produce the highest mobility, and is reduced by scattering events
from dopants and defects (or other carriers at higher carrier concentrations). To obtain
high quality material capable of meeting these requirements, a growth technique that can
grow a pure crystal is required, such as molecular beam epitaxy (MBE), which has the

ability vary the dopant density and defect concentration with precision.

2.2.4 Laser excitation source

To generate pulsed THz radiation, the photoconductive material is typically photo-
excited using a 10 to 100 fs optical source, such as a Ti:Sapphire laser, which typically
have emission wavelengths of ~800 nm. Ti:Sapphire laser technology is relatively bulky,
and is sensitive to misalignment. As LT-GaAs is excited by a maximum wavelength of

870 nm, the cost and complexity of the overall system is typically high (>/£100k).
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Currently, low carrier-lifetime materials that can be pumped by compact and cheaper
1.55 um lasers are being developed® so that the systems may eventually have smaller

form factors, cost less and become more robust.

2.2.5 Switch geometry

LT-GaAs is designed to have a very short electron mean free path, in order to obtain
short carrier lifetimes. Unfortunately, this also means that many carriers are excited and
recombine within the bulk of the material, without reaching a contact; hence they do not
cause a current flow in the metal. In FS-THz-TDS systems these bulk carriers still emit
radiation perpendicular to the applied electric field, but in OC-THz-TDS the main
contribution to the signal is from transient current flow into the centre conductor. Only
carriers that are generated near the edge of the metal probes are accelerated towards the
contact and contribute to the current flow. To improve the current flow into the centre
conductor, increasing the carrier mobility, reducing the defect density, or using short,
wide semiconductor channels can be implemented. For L'T-GaAs material that has
already been grown to the highest standards capable of an MBE system, it is desirable to
choose an optimised switch design to obtain the best results. The design considerations

of an OC-THz-TDS switch include:

e Switch gap. This is the length of the semiconductor channel from one contact to
another and effects the field distribution across the PC material. Larger biases are
needed when using larger gaps to maintain electric field strength. Shorter gaps
that were tested in this project (2.5 um) were found to produce more efficient
current flow into the metal wire, but were more susceptible to failure due to
fabrication tolerances and material breakdown at higher powers. Ideally the
length should not be larger than the laser beam spot size as the non-illuminated
material will contribute unwanted series resistance. However, when the spot is
smaller than the gap size, the largest THz amplitude is produced when the beam

is focussed at the metal/semiconductor interface.”

e Switch width. Increasing the switch width maintains the same electric field
strength and allows a larger photocurrent current to flow. However, it can also
increase the “dark” resistance. Some devices incorporate interdigitated switch
contacts to produce very large current flow for comparatively low bias voltages.
Widths larger than the laser beam spot size are not detrimental if the dark
resistance is suitably high, but are unnecessary as they can add parallel resistance
to the signal. The capacitance of the switch is determined by the metal thickness,

switch gap and switch width and is typically in the range of atto-Farads as the gap



Background and theory 1

is much larger than the metal thickness. Therefore, the time constants are

typically less than the carrier relaxation rates of the semiconductor.

e Semiconductor thickness. Thicknesses of 2 um are typically used for LT-GaAs
in higher power devices, where the majority of the optical power is absorbed.
Thicknesses down to 200 nm are typically used when the LT-GaAs has to be
transferred to other substrates. This was done here to increase the fabrication
yield, and allow for graphene integration into the transmission line (see
Section 3.1).

e Sample photoconductivity. In this project it was found that the performance of
the material was greatest when the polarisation of the optical beam and
orientation of the electrical field were aligned. Therefore, the polarisation of the
THz-TDS system and orientation of the device must be considered. Also,
through substrate optical excitation can be used for transparent substrates, where
illumination of larger areas of the photoconductive material can be achieved for

similar gap sizes, and can lead to much larger signal amplitudes.

2.2.6 Guiding terahertz fields

In FS-THz-TDS systems the radiation is typically guided and focussed onto samples
using parabolic mirrors, as shown in Figure 2.2. Modern free-space configurations
provide a high brightness, as well as permitting the beam spot size to be as small as the
diffraction limit will allow. However, there are some specialised areas of interest which
require confinement of terahertz frequencies below the diffraction limited spot size (such
as microfluidics and mesoscopic systems). To address this, lithographically- defined on-
chip terahertz waveguides and transmission lines can be used. These confine the
electromagnetic field to the sub-wavelength regime, along their length. This tight
confinement permits relatively large interaction lengths for small samples when

positioned in close proximity.
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Figure 2.2: The schematic layout for a FS-THz-TDS system where parabolic
mirrors (orange) are used to guide the THz radiation from the THz emitter,
through the sample, and into the THz detector.

Free-space waveguides typically confine the field inside an enclosed single conductor
where it must form into modes, which are solutions to the wave equations. The cross-
sectional profile of a waveguide is typically rectangular or circular, but can also be a single
wire suspended in free space, called a Goubau line (when surrounded by a dielectric). A
modification of this approach, a single planar track on a dielectric substrate, is called a
planar Goubau line (PGL)®, and this was the primary waveguide used throughout this
thesis owing to its high bandwidth at terahertz frequencies® and radial confinement
profile.” PGLs are discussed in detail in Section 2.3, but to justify its selection it is
compared to other planar structure THz waveguides. These include slot line (SL),
microstrip line (MSL), and co-planar waveguide (CPW) geometries; a schematic of the

electric field lines in each of these waveguides is shown in Figure 2.3.

CPWs are popular in conventional high frequency electronics since they can be easily
fabricated in a single layer of metallisation onto printed circuit boards, and have a tight
confinement of electric field to the surface. This allows many high frequency circuits to
be clustered together on a single substrate with relatively low cross-talk. They have a
symmetric electric field profile for one particular mode (the “odd mode”), and allow the
centre conductor to be replaced with channels of thin-film material (e.g. two-dimensional
electron gasses™) for investigations of their high frequency properties. However, CPWs
have multiple modes of propagation, some of which (“even modes”) have the potential

to bypass the centre conductor entirely.
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SL waveguides are two-conductor structures that, amongst other applications, have been
used to measure the THz properties of graphene and carbon nanotubes. For
spectroscopy applications the material can be used to shunt the transmission lines.
Although they have been used in OC-THz-TDS systems, they do not prevent higher
order modes from forming® and, hence, are best suited to narrow bandwidth

applications.

Microstrip lines confine most of their field in the material between the ground plane and
the transmission line when the distance between the conductor and ground plane d <
A. The dominant mode is a quasi-transverse electromagnetic (TEM) field pattern which
gives good, relatively low-loss, high frequency performance. At terahertz frequencies,
common low permittivity substrates such as quartz, FR-4 or Duroid are too thick to allow
support the quasi-TEM mode. However, thinner dielectric spacer layers can be used.

These require multi-level fabrication processes adding extra complexity to device designs.

PGLs have been demonstrated to perform very well in the THz range, when used on a
low permittivity substrates.”>”* However, they are not well suited to lower frequencies
due to its TM mode of propagation. The single wire structure means that the design,
fabrication and integration of PGL waveguides with thin films are relatively simple. The
confinement of the field is not as strong as the previously mentioned geometries,

although the vast majority of the field remains close to the single conductor, and is not

Figure 2.3: Waveguides and transmission lines used in on-chip THz devices
with electric field distribution shown in red. (a) Co-planar waveguide. (b)
Microstrip line. (c) Planar Goubau line. (d) Slot line.
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spread across two or three conductors. Furthermore, the PGL geometry offers an easy
integration route for planar materials like graphene. For these reasons it was chosen to
form a THz probe into and out of graphene in the present work. The following section

discusses the theory of the planar Goubau line in detail.

2.3 Planar Goubau waveguides

Planar Goubau lines (PGLs) historically originate from an analysis by Sommerfeld of the
high frequency propetties of single wire transmission lines.” This concept was expanded
by Goubau for practical applications by covering the single wire in a dielectric to confine
the field further and protect the wire.”® Over 50 years later it was studied at THz
frequencies™ and was subsequently adapted for use on a planar PCBs and studied with

mm-waves using vector network analysers.”>"’

In order for the PGLs to work with conventional electronic signal generators and test
equipment, it needed to incorporate a launching horn to convert a coplanar or coaxial
transmission line into the Goubau line, whilst simultaneously exciting the Goubau mode.
An example of this type of PGL excitation structure is shown in Figure 2.4. For use in
an OC-THz-TDS system with photoconductive switches, it has been found that these
conversions are not necessary, and the Goubau mode can be excited directly from a
point-like source contacted adjacently to the conductor.”® Another advantage of using
this geometry in a TDS system over a VNA system is that it allows the bandwidth to be

increased beyond the current technological limit of 1.1 THz in VNAs.

OC-THz-TDS systems allow the phase and polarity of reflections to be analysed if the

pulse velocity is known and, hence, the information from a particular, known feature

' LCPW 3 I'TAPER LR

1] (] (]

Figure 2.4: A horn structure used to efficiently excite a PGL mode from a
CPW mode.”
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(that generates a reflection) can be isolated. The pulse velocity between two features of a
known separation is given by the formula v = d/t, where d is the separation between
the features, and t is the time of flight (TOF). The measured value can then be used to
calculate the effective permittivity using
Eeff = (C/V)Z-

(2-4)

The substrates permittivity can be determined using
& = 28055 — &g,

(2-5)

where &, is the permittivity of the superstrate.

Information about the nature of a reflection in a time-domain system can be obtained
from investigating the polarity of the pulse with reference to the initial pulse. A simple
transmission line model with a termination is given in Figure 2.5. The polarity and

magnitude of the reflection is given by the reflection coefficient

Z\n
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Figure 2.5: A simple transmission line model illustrating the three typical
impedances that are encountered in a system, Zi,, Zo and Z;. The two wire
representation does not directly apply to a PGL, but the second wire can be
considered to be the field that is in the surrounding dielectric/air. The load can
be a short or open circuit, a change in the dielectric properties, or a change in
the centre conductor properties.
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For planar Goubau lines, the exact values of the characteristic impedance Zy and load
impedance Z are difficult to calculate from theory due to single conductor geometry.
However, this equation is still important for the analysis of experimental data, as the
polarity and amplitude of a time-domain reflection can determine if the reflecting feature

is open- or closed-circuit relative to the PGL.

The modes that propagate in PGLs are quasi-transverse magnetic (TM), where only the
magnetic field is perpendicular to the direction of propagation, and it is unable to support
propagation at lower frequencies. This makes PGLs a waveguide and not a transmission
line (by definition). As the modes of waveguides are normally evaluated by solving
Maxwell’s equations for given boundary conditions (typically in circular or rectangular
waveguides), this makes PGLs difficult to analyse accurately due to the lack of a defined
boundary. Several attempts have been made analytically” but instead numerical
simulation packages are often used with large (but finite) boundaries. As part of the mode
propagates in the substrate and part in air,”” shown in Figure 2.6, each medium propagates
the electric field at different velocities. As each of the two fields interact, phase dispersion
occurs and the bandwidth is reduced. Therefore, in order to obtain a large bandwidth the
substrate is often chosen to have a permittivity as close to the superstrate as possible.
Alternatively, with an air superstrate, the substrate can be thinned to a point where it has

a reduced interaction with the electromagnetic field.”

The effects of varying the geometry of the single conductor with the surrounding fields

have been investigated;m the findings suggest that decreasing the width of the
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Figure 2.6: Simulations of the PGL field by Gacemi et al Ref 69. a) The
rectangular PGL with a low refractive index (ngia = 1.46) dielectric substrate and
air superstrate. b) The power distribution in the cross section PGL, where
y = 0 pm is the surface of the substrate. c) The electric field component of the
PGL mode where the field is distributed evenly in the substrate and the air.
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transmission line increases the normalised field confinement closer to the centre
conductor. This is particularly useful when probing thin film materials such as graphene
which are in contact with the waveguide as the field is confined to the single contact

rather than distributed across two or three metal structures.

2.4 Graphene

2.4.1 Introduction

Graphene was first discussed theoretically” in 1947 and only much later discovered
experimentally’”® in 2004, despite speculation that single atomic layers of crystals would
not be thermally stable enough to observe.”’ In the following years, a great deal of
interest has been sparked by its exceptional mechanical,” optical,’ thermal,”” magnetic”’
and electronic™ properties, resulting in an almost exponential growth of publications
investigating graphene. The experimental work presented in this thesis mainly covers
fabrication and characterisation of terahertz graphene devices, where the following
sections are intended to give a brief understanding of what makes it of interest to
terahertz science, including the measurements and literature which have already been

conducted in this area.

2.4.2 Methods for obtaining graphene

Before the properties of graphene are discussed, it is useful to have a basic understanding
of how graphene can be obtained and prepared for experimental testing. There are several
methods used to produce graphene films, each displaying various advantages and
disadvantages depending on their application. The technique which accelerated graphene
to widespread fame was the “scotch tape” method, which relies on the natural structure
of highly oriented graphite; built from many parallel layers of graphene bonded together
by van der Waals forces. When a sheet of graphite is split by pulling two flat faces apart
with sticky tape, it will separate into two graphite sheets of arbitrary thickness. If this
process is repeated many times (typically ~10) and then pressed onto a substrate, there
is a likelihood that at some position on the substrate there is a single layer of graphene.
However, there is a high level of skill required to conduct this process repeatedly, and to
locate and identify the mono-layer graphene. This method is known to produce large,
high quality crystals domains and is still typically used when very high carrier mobility is
required.”” The disadvantage of this method is that total graphene area is relatively small,
where the largest flakes can range from 2,000 um* to 1,500,000 um>®* These sizes are

suitable for many scientific investigations, but are highly impractical for many of the
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proposed industrial applications (such as touch screen phones and microelectronic heat

spreaders).

Graphene can also be obtained at wafer scale by epitaxially growing it directly onto single
crystal SiC wafers.” This is prepared through controlled sublimation of the surface Si
atoms leaving the C atoms to reconstruct a few-layer graphene structure. The processing
procedure is more specialised than the exfoliation method as it requires temperatures up
to 1700 °C and careful selection and preparation of the SiC wafer. It can, however,
repeatedly produce large terraced channels (<10 um) of graphene that are tens of microns
long. The processing steps include heating an atomically clean SiC surface to
temperatures in excess of 1500 °C in an argon atmosphere to thermally decompose
approximately three bi-layers of SiC to produce one graphene layer.” The wafer is then
slowly cooled to allow the carbon atoms to reassemble, where the first hexagonally
structured carbon layer is covalently bonded to the SiC below and as such, does not
behave as graphene. This has the advantage of seeding single-crystal like domains during
subsequent layer formation that can behave similarly to mono-layer graphene, although
they are formed from multi-layer sheets of graphene.” The resultant graphene layers have
been shown to have a high mobility,** and the insulating substrate allows graphene
devices to be formed directly, without any transfer process. Within the scope of this
project, however, the large scale regions of graphene required and the availability was

prohibitive for the epitaxial and exfoliated techniques.

Chemical vapour deposition (CVD) growth of graphene is a controllable method of
producing up to 95 % coverage of monolayer graphene on copper catalysts.*> Techniques
have been developed for the subsequent transfer of this graphene onto arbitrary
substrates.”’ After pre-annealing of the copper in a hydrogen atmosphere at ~1000 °C to
remove oxide, clean the surface and crystallise the surface of the copper foil, a precursor
(typically CHy) is passed into the chamber which breaks down and seeds carbon to the
copper surface. The system is then slowly cooled to allow the hexagonal graphene lattice
to form on the surface. As copper is conductive it is not a suitable substrate for many
graphene characterisation techniques and so it is typically etched away to allow the
graphene to be transferred to a more suitable substrate (the complete recipe for this
process is given in Section 3.1). Although a continuous film of graphene is typically
produced, it is comprised of many smaller, rotationally disordered domains that range
from sub-micron to 500 um in size, and with carrier mobility up to 25,000 cm®V''s” on
SiO; (at room temperature).*® Additionally, small hexagonal nucleation points form,

which are 5-10 layers thick in the centre and gradually thin outwards to form a single
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layer.”” The size of these regions are typically controlled to be <1 pum, although they can
continue to grow and merge into large polycrystalline films under certain growth
parameters. The grain boundaries are expected to degrade both the electrical and

mechanical properties of graphene.

For applications that require large single-crystal graphene regions, CVD grown graphene
shows great potential®® although mechanical exfoliation is currently the most suitable
method for obtaining high mobility samples. However, in a practical sense, CVD
graphene is perhaps the most promising method shown to date for growing large scale
graphene for use in industry, where, for example 3.1 inch touch screens and even 30 inch

conductive sheets have now been demonstrated.”

The controllable, large area transfer
and continuous conductance of the CVD grown graphene sheet were primary factors in
the decision to use it for the work in this project. It is also commercially available, either
on the Cu film (as was used here) or pre-transferred onto a number of substrates, making

it very versatile in a research environment.

Graphene obtained by epitaxial growth, CVD growth and mechanical exfoliation are the
most frequently used methods for electronic measurements, however, a number of other
techniques are also being developed such as molecular beam epitaxy on SiC,* reduced

% and solvent based sonication.” The applications of these materials vary

graphene oxide
from ultra-strong graphene-loaded-polymers to corrosion prevention spray coatings.
However, many of these alternative methods are prone to poor connection from one

sheet to another, small domain size, or have many defect sites, features that are typically

not desired in electronic measurements.

2.4.3 Electronic properties of graphene

Graphene is a flat single-layer of hexagonally arranged carbon atoms which are covalently
bonded to each other by hybridised sp*-orbitals. These in-plane 8-bonds are formed by
the superposition of a lower energy 2s-orbital with two higher 2p-orbitals, resulting in a
total of three sp>-orbitals and a single 2p-orbital which is perpendicular to the plane of
the sheet. The -bonds are stronger than the C-C bonds in diamond and are responsible
for graphene being incredibly strong and flexible, where the electrons are highly localised
and do not contribute to conduction. The 2p-orbital orbitals, on the other hand, form
weak n-bonds to the nearby atoms and are responsible for the electronic properties of
graphene, forming © and 7* bands, which are analogous to the valence and conduction

bands respectively. The dispersion relation is typically calculated using a nearest

neighbour tight-binding approach where the atomic separation is ag = 1.42 A (ref.”),
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and each atom is arranged into two sub-lattices as shown in Figure 2.7 (a). The lattice

constant @ = agV3 = 2.46 A (ref.”) can be used to obtain the dispersion relation

V3k,a  kya k,a
E*(ky k) = +y, |1+ 4cos Zx cos 32/ +4cosz%

(2-7)

where Yy is the nearest neighbour hopping energy and the full band structure is shown
in Figure 2.7 (b). The low energy cone shape of this band structure (<1 eV) occurs at the
K (and K’) points and gives rise to some very important electronic features of graphene.
When Equation 2-7 is expanded around the K vectors at low energy, the dispersion

relation can be given by
E*(q) ~ thvp|ql,

(2-8)

Figure 2.7: (a) The hexagonal lattice of graphene showing the key structural
elements. A and B indicated the two sub-lattice assignments, ayis the carbon-
carbon spacing and a is the lattice constant. (b) The electronic dispersion in
the honeycomb lattice with the linear, low-energy region shown to the right.
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where Vg is the Fermi velocity and q = (kx, ky) — K. This dispersion relation sets
graphene apart from other semi-conductors because the band gap between the n and n*
bands at the K points is 0 eV, meaning it can interact with very low energy photons (such
as those at THz frequencies: ~0.4 meV to ~40 meV). The linear dispersion relation in
the lower energy regime is also better described by the Dirac equation rather than the

Schrodinger equation, and results in the carriers behaving similar to photons with a

velocity vp & 1 X 10® m s71.7" Another point to note in the low energy region is that
the conduction and the valence band are symmetrical around the 0 eV point, meaning

that electrons and holes should, theoretically, have similar mobilities.”
The mobility of graphene is remarkably high at room temperature (in excess of
15,000 cm®V''s™ on SiO; substrates™). The mobility is determined using the Drude model

K ne’

(2-9)

where o is the conductivity of the graphene sheet, and n is the carrier density.
Experimentally, the value for mobility is often calculated by measuring the field effect in
graphene transistors, where n is manipulated by applying a voltage, Vi, to a parallel
conductive plane. This forms a parallel plate capacitor and allows control of the type (p
or n) and the magnitude of carrier concentration, where the upper limit is typically limited
by the voltage breakdown of the dielectric medium. The most frequently used
configuration of this measurement is a graphene Hall bar geometry defined on a 300 nm
Si0O; oxide layer with a high conductivity Si substrate, where carrier concentrations from
2% 10" cm”to 4 X 10" cm™ can be obtained before the high electron regime is reached,
and the mobility saturates.”® Alternative configurations, such as using an ionic gel gate'

" can reach concentrations of ~1 X 10" ¢cm™ owing to enhanced

ot polymer doping,’
capacitive coupling. The high surface area of graphene also makes it very susceptible to
alteration of its cartier concentration by a number of factors, including: the substrate,’
residues of the fabrication process, or factors such as environmental gasses.” The dopant
concentration can be evaluated by

€0€

ng = E |VG - VDiracl

(2-10)

where € is the permittivity of free space, € is the relative permittivity, t is the dielectric

thickness and Vpjyqc is the location of the conductivity minima. There are a number of
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ways to alter this dopant concentration to meet the needs of an experiment. Intrinsically
doped graphene is typically achieved by annealing in a vacuum using either external
heating elements,” or by passing large current densities through the sheet.” The doping
can similarly be changed by treating the surface of the graphene with vapour,”

100

polymers ™ or other materials.

External doping of graphene is relevant to this project since the tested devices
incorporated a polymer superstrate to support the graphene structurally. Earlier
investigations into polymer doping mainly focussed on how carrier mobility could be
improved by removing the residues, such as PMMA, after the fabrication process.""
However, it was later realised that some polymers such as poly(4-vinylpyridine) (P4VP)
and SUS could be used to provide p- and n-type doping, for the purpose of creating more
efficient active devices.'” As the interaction of HO with graphene can cause undesired
fluctuations to its performance, great effort is often put into removing water before, and
during, testing by annealing and/or using ultra high vacuum environments. When this is
not practical, a thick polymer coating may be considered to stabilise the carrier
concentration. The mechanism by which the carrier concentration is changed has been
studied in detail for a number of gasses and even PMMA'" due to its frequent use in the

processing of graphene devices.

Novolac based positive photoresist Shipley 1813 (S1813) is less frequently used in
comparison to PMMA and there have been few investigations reporting its interaction
with graphene. One study observed that the graphene carrier concentration increased
from 1.1 X 10" cm™to 1.8 X 10" cm™ when UV exposed S1813 covered the graphene.'”
As S1813 is very thin (typically ~1 um), the conditions of the graphene underneath are
expected to be very stable. Hence, S1813 doped graphene is used throughout this thesis

to enable consistent graphene doping levels, as well as providing good structural support.

2.4.4 Terahertz properties of graphene

The terahertz and far-infrared (up to ~100 THz) conductivity of graphene is determined
by intraband transitions and can be described by the Drude model. The Drude model
assumes that the electrons act as particles with kinetic mechanics and travel through a
system with fixed ionic scattering locations. The particles can move through the system
under the influence of Lorentz forces to produce current flow. The probability an
electron will scatter in the time &t is given by 8t/7, where T is the electron scattering
time and, in the absence of external forces, the momentum of the system decays

exponentially
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p(t) =poe /"
@-11)

It is apparent that the time dependence of Drude model will lead to a frequency

dependent behaviour in the conductivity of the system. For a time dependent electric
field E(t) = Ege™/®! and the corresponding time dependence of the momentum

p(t) = poe /@, the equation of motion

d t
__r®_ .
dt T
(2-12)
becomes
. Po
—jwpo = —— — eky.
T
(2-13)
Since the cutrent density is ] = —nep/m” (n, number of electrons. m”*, effective mass),
and Ohms law is | = 0E, the conductivity is therefore
2 *
ne“t/m
o(w) =2
1—jowt
(2-14)
This is often also expressed as
Opc jD
o\w)=—— or o\w) =———m™m™m3,
(@) 1—jwt (@) m(w + jT)
(2-15)

where apc = ne®r/m* is the DC conductivity, and D = mne?/m* is the Drude weight
for classical materials. The effective mass is a descriptive metric that is used to relate the
true mass of the electrons to the measured motion of the electrons to an external Lorentz
force. The commonly used definition of effective mass results in a diverging value as it
assumes a parabolic dispersion relation, found in many semiconductors. The relativistic
charge carriers in graphene have a linear dispersion relation, which would imply a zero
rest mass. However, the effective mass of the electron under a perpendicular magnetic

field, or the cyclotron effective mass, is non-zero. Novoselov e a/ experimentally

obtained the effective mass to be m* = \/Th?n/v2, where vg is the Fermi velocity.””

This results in a Drude weight of
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2
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D= Fh Jrlnl.

(2-16)

An increased optical absorption is expected in graphene at the terahertz frequency range
due to Drude absorption as shown in Figure 2.8, where the optical conductivity is
dominated by intraband carrier dynamics (as opposed to interband at optical and UV
frequencies). The techniques that can measure the Drude response are limited by the
availability of technology that can reliably measure broadband terahertz radiation. Fourier
transform infrared (FTIR) spectroscopy has been used to find the transmission spectrum
which was discovered to be Drude-like,”* but can vaty from the theoretical value by up
to 45 % at higher values of n, where the lower carrier density regime was found to have
a conductivity independent of n. The deviation from the expected values was speculated
to be a result of the electron-electron and electron-impurity interactions that are

neglected in the Boltzmann transport theory.”

Studies with FS-THz-TDS systems on the other hand observed a flat response even
though the measurements were taken at much lower frequencies than the Drude roll-off
observed in the FTIR systems.104 An investigation into the dependence of carrier

concentration found that the conductivity of the entire band (0 to 1.5 THz) shifted as

predicted by the Drude model and was proportional to Vn.

In transmission spectroscopy, a highly conductive substrate is often used to control the
gate bias; this is only one of a few methods for changing the properties of the graphene,
as discussed in Section 2.4.3. One method that was not mentioned before is optical
pumping, where carriers can be pumped into excited states for very short periods of

time.'”

Optical-pump terahertz-probe measurements are modified FS-THz-TDS
systems that incorporate an additional beam path which optically excites the graphene at
a similar time range to a terahertz field passing through it.'">">* The beam causes
interband transitions and temporarily changes the conductivity of the graphene sheet
which can be measured without electrical contacts by changes in the THz pulse
transmission at that location. Although the entire pulse can be measured for a range of
excitation times, if the change in amplitude is uniform for all frequencies, only the
amplitude needs to be measured. This drastically improves the speed of the scan and
provides information on the rates of optical excitation and relaxation of the carriers.
Using these methods the carrier dynamics have been found to change with the number

of graphene layers and even with different environmental gasses.'"
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Figure 2.8: The transmission of far infrared through a mono-layer of graphene.
The lower frequency response is characteristic of a Drude absorption, and at
higher wavenumbers the response is dominated by the interband optical response
(see Section 2.4.5). Figure from Ref 21.

The absorption of terahertz radiation into graphene can be further increased by excitation
of intrinsic plasmon modes in the graphene.” Plasmons are collective charge density
oscillations that are caused by the overshooting of the electron position under the
influence of a charge disturbance, where the returning force results in a weakly damped
oscillation. The interaction of adjacent electrons causes a hydrodynamic wave-like
propagation the frequency of which is determined by the carrier density of the graphene.
Coupling of infra-red and THz radiation to excite the plasmon modes in graphene
requires meta-material formation by using graphene disks or ribbons. With graphene
micro ribbons, absorption of up to 13 % has been observed in the region of 1-4 THz,
which for a monolayer of atoms is quite extraordinary.' Plasmons are typically very lossy
compared to EM waveguide propagation, but the Dirac plasmon propagation in
graphene is more efficient than its classical semiconductor counterpart.”” They also have
the advantage of confining the signal up to 40 times more than free space,'”’ making them
potentially very wuseful in the future of -chip-integrated terahertz frequency

optoelectronics.

Most current experimental research at terahertz frequencies on graphene is performed

by measuring the pulse propagation perpendicular to the plane of the material, owing to
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the opportunity to use existing FS-THz-TDS or FTIR systems and place the graphene
sample in the beam path. However, there have been publications which investigate the
coupling of millimetre-wave radiation parallel to the graphene and coupled to
waveguides, similar to the configuration that is used in Chapter 4. Single wire graphene
transmission lines have been investigated up to 40 GHz with very high mobility samples
(110,000 cm*V~'s™") to reveal a cartier concentration controllable attenuation by means
of controlling the kinetic inductance.'” CVD grown graphene transmission lines have
been tested at frequencies up to 110 GHz at room temperature, where negligible kinetic
inductance was reported along with insignificant skin depth, and suggesting that
monolayer graphene may be used as a broadband resistive element in mm-wave

. . 0
CltCultS.ss’m)

Beyond the frequency response of graphene transmission lines, plasmons in graphene
have also been observed in the tens of GHz range. Petkovic ¢/ a/ used a dual channel
time-domain reflectometry module to excite a graphene oval from an input transmission
line as shown in Figure 2.9 and was detected with a perpendicular transmission line to
reduce cross talk.” The step input signal to the graphene was capacitively coupled to the
“output” resulting in a differentiated, peak-like signal. The signal from the wires and
transmission lines were subtracted by modulating a current through the graphene. This
caused a change in the edge density, where the measurement isolated only the signal that
was affected by the change in graphene properties. The key investigation of this work
was the study of the dynamics of magnetoplasmons (plasmons under the influence of a

magnetic field), where the Lorentz force on the electron liquid could guide the
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Figure 2.9: The schematic layout used to test edge-magnetoplasmons that are
excited by step-like excitations on the left and detected as pulses on the right.
The direction of the magnetic field can change the propagation of the pulse to
be clockwise or anticlockwise around the edge.*
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propagation of the plasmon wave around the inner or outer edge, depending on the
magnetic field polarity. This is particularly relevant, since magnetoplasmon research was

considered as a future development to the work presented in Chapter 4.

2.4.5 Optical properties of graphene

Graphene has a universal optical conductivity of e?/4h, corresponding to a wideband
optical absorption of @, even for energies which extend beyond that of the estimated
linear energy range (~1eV)." When investigating the optical transparency, Nair et a/
discussed that “the fine structure constant can so directly be assessed practically by the
naked eye”,® where the experiment resolved a 2.3 % absorbance per monolayer of
graphene. The influence of the interband transitions on the electrical properties of a
single atomic layer has many promising photonic applications. These include tuning the
absorption wavelength through Pauli blocking, and solar cells that outperform similar-

thickness Si based devices.'"

Graphene photodetectors could be considered to be an unusual topic of research as the
gapless nature means that on-off ratios are very small when they are operated with the
same principals as semiconductor photodetectors.”” Where, under bias, large currents are
generated. However, it was found that the doping by metal contacts created a p-n
junction at the graphene/metal interface, which produced a photocurrent upon
illumination.'! This effect means that a source-drain bias does not need to be applied to
measure optical fields, resulting in zero shot noise from the detector. It was found that
the optical energy had to be focussed onto single graphene/metal interfaces as the
photovoltage from a two terminal device would cancel out. Improvements to graphene
photodetectors were achieved by using different work function metals for the source,
and drain contacts."">'"” This increased the photoresponsivity of the devices, meaning

that in practical applications the devices would not be as sensitive to misalighment.

The mechanism by which the photovoltage is produced has been attributed to the photo-
thermoelectric (PTE) effect.'* At graphene p-n junctions the PTE effect, and inner
photoelectric effect (found in semiconductor photodiodes), have both been considered,
but studies have revealed that the PTE effect is dominant and describes graphene
photovoltage very accurately.” The expetimental method that was used to test the
contribution of each was to observe the photoresponse amplitude as a function of
polarisation. Whilst the PTE is only based on illumination power; the inner photoelectric
effect is most efficient when the optical field is polarised perpendicular to the junction.

Illumination of a doped graphene sheet results in hot-carriers as a result of the low
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dimensionality, gapless band structure and weak acoustic phonon coupling.'” In doped
graphene, photoexcited carriers collide with each other in the first ~100 fs and produce

hot carriers.!®

This is when the electron temperature becomes out of equilibrium from
the lattice and these local, thermalized carriers diffuse into cooler areas according to the
Seebeck equation
277.'sz Tel
3eTp '

(2-17)

where kp is Boltmann’s constant, Ty is the electron temperatutre, and Tr is the Fermi

temperature (where Ep = kgTr).

On a plane sheet of graphene, hot carriers distribute equally in all directions and result in
zero net current flow.'”” However, at a graphene metal interface, the graphene in contact
with the metal has a different Tr than the graphene in the surrounding region and results

in a net flow of electrons in one direction. The PTE voltage is given by

Vpre = (52 - 51)(Tel,hot - el,O) ’
(2-18)

where §; and S, are the Seebeck coefficients for the graphene on the metal and the
graphene on the quartz respectively, Tg; por is the photoexcited electron temperature, and
Teois the temperature before excitation. The carriers eventually cool to equilibrium,
mainly due to acoustic phonon emission or by optical phonon emission above
200 meV.>"" In the experiments that discuss the cooling of hot-carriers, metal/graphene
contacts on SiO; are used to generate substantial photovoltages with relaxation times up
to 100s of picoseconds.”” These picosecond time-scale carrier dynamics are important
factors for the measurements throughout this thesis, but the generation of photovoltages
at metal/graphene interfaces are particularly important in Chapter 6 as these mechanisms

are used to generate few-picosecond transient currents.
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Chapter 3: Fabrication and characterisation

3.1 Fabrication of on-chip terahertz devices

The fabrication steps described in this section were applied to all devices described in
this thesis. This processing regime was arrived at by several iterative improvements to
existing techniques that had been previously developed, both for on-chip terahertz time-
domain spectroscopy (OC-THz-TDS) devices, and for graphene devices.””'"” The LT-

18 that were

GaAs transfer process was based on early epitaxial GaAs transfer methods,
subsequently developed for the specific epitaxial wafer structure.”” Further development
of this technique were required in order to fully remove thin LT-GaAs residues that were
not entirely removed during the etching process, which would otherwise interfere with
the graphene layer. The graphene transfer process was adapted from established

techniques for monolayer CVD graphene grown on Cu,'”

and was developed further to
remove the unwanted graphene on the backside of the Cu. These methods were adapted
to transfer the graphene over metal contacts (up to ~100 nm thick) so that if the
graphene sheet was found to be defective between the metal contacts, it could easily be

etched away so that new graphene could be transferred.

The final device structure required the following sequential steps: (1) epitaxial transfer of
low temperature grown gallium arsenide (LT-GaAs) onto quartz, (i) etching of the LT-
GaAs, (iii) fabrication of metal planar Goubau lines (PGL) and switches, (iv) transfer of
CVD grown graphene onto the quartz, and finally (iv) etching graphene into the desired
shape. Other device structures which required transfer of the graphene before the metal
step were also attempted, but it was found that adhesion in the quartz/graphene/metal
stack was poor, and often led to delamination. The was because the transferred LT-GaAs
could be removed by using ultrasonic cleaning or strong solvents, hence, the quartz
surface could not be prepared using the same techniques that are suggested in the

literature.

Low-temperature-grown GaAs (LT-GaAs) was grown (at 180 °C) using molecular beam
epitaxy (MBE) on a 500-um-thick semi-insulating GaAs (SI-GaAs) substrate. The growth
consisted of a sacrificial 100-nm-thick layer of AlAs, followed by a layer of 350-nm-thick
LT-GaAs. This wafer was cleaved into 3 mm X 4 mm chip sizes, and cleaned; first for 5
minutes in acetone, and then isopropanol (IPA) in an ultrasonic bath, and oxygen plasma
ashed. It was annealed at 575 °C for 15 min in a rapid thermal annealer to give an optimal
dark resistance and carrier lifetime in the LT-GaAs layer. Using epitaxial lift-off

120

techniques, ' the LT-GaAs was removed from the SI-GaAs, using Apiezon wax as a
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temporary host superstrate whilst the sacrificial AlAs layer was etched away. To do this,
the MBE structure was placed onto a hot plate at 130 °C. Apiezon wax was then placed
onto the surface to melt until the top of the chip was covered, and then the sample was
then left to cool. Trichloroethylene-soaked swabs were used to rub away the outer edge
of the wax, exposing about ~0.5 mm of the LT-GaAs surface around the perimeter.
When submerged in a solution of H:SO4:H>O,:H,O (1:40:80 by volume) for 1 min, the
unprotected LT-GaAs was removed, exposing the AlAs. The sample was then rinsed in
deionised (DI) water and placed in a 10 % by volume solution of HF acid (at —4 °C to
ensure a low etch rate). The slow etch rate was required to limit the size of hydrogen
bubbles in the interface between the two layers of GaAs, which otherwise were found to
cause micro-cracks in the transferred layer. The chip was then separated into two; the
thin layer of LT-GaAs attached to the wax, and the SI-GaAs host substrate. The latter
could then be discarded. The LT-GaAs was rinsed several times in water and placed onto
the cleaned quartz host substrate, ensuring that a small film of water supported the
LT-GaAs and the wax. The sample was then left to dry for 4 to 5 days, allowing Van der
Waals bonding to take place.

After bonding, the stack was placed in trichloroethylene until all wax was removed,
leaving only the ~2 mm X 3 mm piece of photoconductive material on the much larger
quartz substrate. A further rinse in trichloroethylene ensured that no wax film remained,
and then the sample was gently rinsed in DI water and dried. To desorb any particles
trapped at the quartz/GaAs interface, the sample was then placed into a vacuum oven

for 15 hours at 250 °C to further enhance the bond between the LT-GaAs and the quartz.

To etch the GaAs, photolithography was used to protect the desired switch region.
Shipley S1813 was spun onto the device at 4000 RPM and soft-baked for three minutes
at 115 °C to obtain a ~1.3-um-thick layer. A Karl Suss MJB3 mask aligner was then used
to define the switch pattern in the resist (two seconds exposure and subsequent
immersion in Microposit ME319 developer for 40 seconds). The sample was then, rinsed
in DI water and dried. A ~10 min H,SO4:H>O2H>O (1:8:950 by volume) etch was then
used for to remove the excess LT-GaAs. The slow etch rate was used to provide a ramped
edge profile on the 350-nm-thick L'T-GaAs so that open circuits were not formed on the
80-nm-thick metal PGL film. Some small LT-GaAs residue was often left over after
etching, and required agitation from a syringe needle or cotton swab to fully remove
unwanted areas. The resist was then stripped by rinsing in acetone, IPA and water. The
remaining resist residues were removed in an Oz plasma asher (5 minutes at 50 W). The

sample was placed on a hot plate for 10 min at 200 °C to desorb any residual liquid. Note
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that the devices could not be placed into an ultrasonic bath due to the fragility of the LT-

GaAs/quartz bond after Van der Waals bonding.

To define the planar Goubau line and probe arms, bi-layer photolithography was used to
obtain a uniform metal profile, which allowed easier metal lift-off in comparison to single
layer photolithographic processing. A primer (hexamethyldisilazane) was used to enhance
adhesion to the quartz; after application to the device surface, it was spun at 2000 RPM
for 30 seconds, and then baked at 200 °C on a hot plate for 1 minute. It was then rinsed
in IPA to remove excess primer, and baked for a further 5 minutes at 200 °C to desorb
moisture from the surface. The device was immediately transferred to a spinner where
Microchem LOR 3A was applied as the base of the bi-layer resist and was spun at 2000
RPM for 40 seconds and baked at 200 °C for 5 minutes to obtain a ~400-nm-thick layer.
Shipley S1813 was applied above the LOR and spun at 4000 RPM for 40 seconds and
subsequently baked at 115 °C for 3 minutes. The thick edge beads were removed using
a scalpel blade to allow optimal contact to the photo-mask, which resulted in more
accurate feature replication from the mask to the device. The device/mask was exposed
for 2 seconds and then developed in MF319 for 1 minute 30 seconds. These parameters
were found to result in an undercut of the LOR by slightly less than 1 pm, determined
by optical microscopy. This was followed by a plasma ash descum and metal deposition
of 5-nm-thick titanium and 80-nm-thick gold layers was performed using a Leybold
Univex 350 electron-beam evaporator at pressures below 1 X 10° mBar, which was

subsequently lifted off using acetone and MF319.

CVD grown graphene on copper (purchased from Graphene Square, Korea) was
prepared by spinning on a 600-nm-thick supporting layer of PMMA and subsequently
baked at 200 °C for 2 min. The graphene on the backside of the copper was then
removed using a reactive ion etch with 15 sccm flow of O, for 30 s and 80 W power. The
sample was then placed copper-side down on top of a solution of FeNO3 and DI water
(0.01 g/ml concentration), so that the sample was floating on the sutface. Once all copper
had been etched away, leaving a suspended stack of graphene and PMMA, the stack was
lifted from the surface of the solution using quartz and transferred onto the meniscus of
a DI water bath. This step was repeated several times using fresh water until any residual
FeNO; had been sufficiently diluted. The previously prepared quartz substrate with
GaAs was then cleaned in acetone and IPA for 5 minutes each, oxygen plasma ashed
until hydrophilic, and was then used to lift out the graphene/PMMA stack from the
water. The stack, floating on a thin film of water on top of the device, was then gently

manipulated into the desired position between the two GaAs stripes and left to dry
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overnight in ambient conditions, thereby bonding the graphene to the quartz/gold. The
sample was then placed on a hot plate at 200 °C for 5 min to soften the PMMA and
reduce any wrinkles that had formed during the drying process. Afterwards the PMMA
was removed using an acetone bath for at least 1 hour and then rinsed in IPA. A further
heating step at 200 °C for 10 min was then used. A final step of standard optical
lithography was used to mask the desired graphene regions during a plasma ash. The
S1813 was left on after the ashing to support the graphene structurally at the edges of

the metal.

3.2 On-chip terahertz time-domain spectroscopy

The functional principal of THz-TDS systems is to take a coherent pulsed laser source
(typically < 200 fs), split the beam in two, and to then control the delay time of one beam
with respect to the other at a given location. One of the beams (pump beam) is used to
excite an emission source, producing a single-cycle pulse of THz-frequency
electromagnetic radiation, which is guided towards a detector, arriving at a time to. If the
second beam (probe beam) arrives at the detector and samples the THz pulse, a
measureable signal In. can be detected. However, if the second beam is scanned above
and below the arrival time t = t) + 8t for many pulse emissions from the laser, then a
graph of Iyu. with respect to t will allow a reconstruction of the shape of the THz pulse
in the time-domain. This section will describe the operation of the system that was used

to characterise device in Chapters 4, 5 and part of Chapter 6.

3.2.1 System description

The Spectra Physics “Tsunami” mode-locked Ti:Sapphire laser system was pumped by a
Spectra Physics “Millennia Xs” laser with 10 W of 532 nm wavelength continuous wave
emission. The Tsunami output laser pulses are 110 fs long, centred at a wavelength of
790 nm and with a pulse repetition rate of 80 MHz. The average output power of the
laser was 700 mW, where the total power available to the OC-THz-TDS system (as
shown in Figure 3.1) was ~50 mW. The beam was first split into two beams of equal
power, where the path length from the splitter to the device under test (DUT) was

approximately the same. Each beam path contained NIR ultrafast mirrors to guide
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Figure 3.1: Schematic diagram of the on-chip THz-TDS system.

the beam and one variable neutral density filter to control intensity. The probe beam also
contained a mechanical optical chopper that was operated between 2 kHz and 3 kHz,
and a 180-mm-long delay stage containing a retro-reflector, which was used to delay or
advance the probe pulse arrival time. Each beam was focussed onto the surface of the
device using either a 10 cm focal length lens or a 10X NIR microscope objective with a
3.5 cm focal length. The spot size of each lens was measured using knife-edge
measurement techniques, revealing Gaussian FWHM spot sizes of 24 um (10 cm lens)

and 5.5 pm (3.5 cm lens).

The bias voltages to the device were supplied by a Keithley 2400 series source-meter
which also allowed current-voltage measurements for characterisation of the switches.
The photocurrent signal, I, was measured by a Signal Recovery 7265 lock-in amplifier
and synchronised to the mechanical probe beam chopper. For the time-domain scans, a
buffer was allocated in the lock-in amplifiers memory and the measurements were taken
when a trigger signal from the motion controller indicated the stage had arrived at a pre-
defined position. This increased the speed at which the measurements could be taken.
The LabVIEW control software communicated with the lock-in amplifier and source-
meter using the GBIP interface, and with the motion controller through an Ethernet
network connection. Before each set of measurements, the lock-in was calibrated using
the “auto phase” function to synchronise to the chopper, using the peak signal from the

THz pulse as a reference.

3.2.2 Current-voltage measurements
Each beam was focussed onto an L'T-GaAs switch biased at 10 V and was aligned to the

produce maximum photocurrent readout on the source-meter. An efficient
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photoconductive switch would typically show very low conductivity with no illumination
(~0.1 nS), but a high conductivity when illuminated by the 780 nm beam (~100 nS).
However, the nature of LT-GaAs is not just to produce pulses efficiently, but also to
extinguish carriers very quickly so that short carrier lifetimes can be achieved. For the
material grown in this work, this trade-off between efficiency and carrier lifetime is
controlled with the post-growth anneal temperature, although it is possible to anneal the
material during the MBE growth cycle). This was desirable as it allowed flexibility in the
annealing process to optimise the material performance. The growth of LT-GaAs by
MBE is complicated by difficulties in taking exact temperature readings during growth,
which results in wafer-to-wafer changes in properties. Ideally, the post-growth anneal
temperature should be calibrated for each new wafer in order to obtain the best

performance.

To demonstrate the optimisation process, six devices, each with switch regions 30-um-
wide and 5-um-long, were fabricated directly onto 2-pum-thick L'T-GaAs that was
annealed at a range of temperatures. These devices are discussed in the following section

of this chapter, where the current resulting from applied voltage (I-V) sweeps is discussed

first.
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Figure 3.2: Voltage sweeps performed on six devices that were annealed at
incremental temperatures measured with a 10 cm objective lens. (a) The dark
(0 mW laser power, black line) and light (10 mW, red line) photocurrent
produced during a voltage sweep for the 550 °C device where the inset shows
the slightly non-linear region between -2 V and 2 V. (b) The voltage sweeps for
each device at 10 mW laser illumination.
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Figure 3.2 (a) shows the difference between illuminated and dark conditions for an anneal
temperature 550 °C. A linear relationship between the voltage and current is ideal since
it indicates good Ohmic contact between the gold and LT-GaAs. This is also good as,
when operating as a detection switch, the magnitude of the field is linearly converted into
current. However, the linear regime is only applicable above voltages of 2V, while a
Schottky response is seen for lower voltages. An I-V sweep for each of the post-growth
anneal temperatures is shown in Figure 3.2 (b), where it can be observed that this
Schottky response varies across all the devices. Specifically, 500 °C and 525 °C have the
most pronounced Schottky response at low voltages, and the 550 °C and 600 °C devices

show almost perfect Ohmic response.

It can be seen in Figure 3.2 (b) that the incremental anneal temperatures did not produce
a very clear trend in the photoresponse of the material. The data shown was the average
values from four separate switches on each device (except for the 600 °C device whete
only two switches were functional). The standard deviation (not shown) of each
individual device did not exceed *£15 %, which indicated that switches on the same
devices performed similarly, but also that differences occurred during the fabrication of
each device that affected the switch characteristics. This is especially true for LT-GaAs
that has been transferred using epitaxial lift-off, as micro-cracking can occur. If both the
dark current and illuminated current are taken into consideration and formed into a ratio
of the two values (shown in Table 3.1), a trend can be seen. The illuminated current varies
only slightly between the devices, however, at 575 °C the dark cutrent drops by more

than two orders of magnitude leading to much larger ratios and much better signal levels.

Table 3.1: Photoconductive properties of LT-GaAs at various anneal
temperatures.

Temperature | Dark current at 30 V | Current 10 mW and 30 V Ratio
O () (mA)
500 0.28392 1.29889 4.57488
525 0.02528 1.27975 50.62787
550 1.7805 4.03929 2.26862
575 2.44321E-4 3.30172 13513.87549
600 1.86652E-4 4.34916 23300.91735
625 3.45076E-4 3.23719 9381.0896
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All of the variables discussed here, and in the following sections, are key in selecting the

right anneal temperature for a given material wafer.

3.2.3 Autocorrelation measurements

The experimental setup for conducting autocorrelation measurements was adapted from
the OC-THz-TDS configuration described in Section 3.2.1, where two beams were
instead focussed onto a single switch using two 10 cm focal length lenses. Both beams
were individually aligned to overlap spatially on the switch, corresponding to the
maximum measured photocurrent at a switch bias of 30 V. Some asymmetry was noticed
in a number of the measurements, which was attributed to slight misalignment of one of
the beams. Although slight adjustments were made to minimise this whenever possible,
a small degree of asymmetry is unavoidable owing to the approach angle of each beam.
The beams were cross-polarised using quarter-wave-plates (QWP) to prevent coherent
interaction of the laser beams."”" The lock-in amplifier was connected to one of the two
switch contacts via a transformer. This blocked the DC component of the signal, only
allowing the chopped (or difference) signal to the input of the lock-in amplifier. This was

important as the maximum specified input for the model “7265” lock-in amplifier was
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Figure 3.3: Autocorrelation measurements conducted on devices with a range
of anneal temperatures at 30 V bias and 10 mW power on each beam. (a) The
measurement of each device anneal temperature. A slight asymmetry can be
seen on some measurements, due to small differences in the angles of incidence
of each beam. (b) Each of the anneal temperatures normalised and plotted from
0 ps to 15 ps.
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Table 3.2: Comparison of the carrier lifetimes for each anneal temperature.

Anneal 500°C | 525°C | 550°C | 575°C | 600°C | 625°C

temperature

Carrier lifetime 050ps | 1.46ps | 200ps | 233 ps | 3.21 ps | 4.01 ps

3 uA. At low bias voltages, insertion of the transformer did not alter the signal

measurement values or attenuate the signal at the chosen chopper frequency.

The same six devices discussed in Section 3.2.2 were tested using the autocorrelation
measurement configuration. The raw results, taken from an individual switch on each
device, are shown in Figure 3.3 (a). These demonstrate that both the amplitude, and
width, of the central feature increase with anneal temperature. The amplitude of each
measurement provides information about the saturation level observed at the switch e.g.
the relative number of carriers that are initially photoexcited by the first pulse, and which
are still in an excited state when the second pulse arrives. The rate at which the current
decays away from the centre value (at 0 ps) gives a more direct metric for evaluating the
carrier lifetime, and is shown in Figure 3.3 (b). Each plot is normalised in the range of
0 ps to 18 ps. The time at which the peak amplitude decays to ~37 % is observed to

range from 0.5 ps to 4ps, where each value is shown in Table 3.2.

In terms of the physical processes that occur in the LT-GaAs during annealing, this trend
may is explained by the reduced dissipation of arsenic defects at lower temperatures
causing faster carrier recombination when the LT-GaAs is annealed. The mean free path

may then be so short, that many carriers do not reach the contacts and contribute to the

Pump beam

Probe beam Voltage source

Generation switch

PGL

Detection switch

Lock-in amplifier

Figure 3.4: Experimental configuration for the measurement of “input” pulses
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detected photocurrent. However, at higher anneal temperatures, the recombination rate
is expected to be reduced as the arsenic diffuses into the GaAs crystal. Above a certain

level, however, this inhibits the bandwidth of the pulse emission.

3.2.4 Input pulse measurements

“Input” pulses were measured to provide a reference signal generated by the switch.
They are of importance in both the characterisation of devices to be used for
spectroscopy, and in the interpretation of subsequently obtained spectroscopic data. To
measure an “input” pulse, a probe arm (biased at 30 V) contacts the LT-GaAs. The
switch was optically excited with 100 fs pulse duration, 800 nm centre wavelength, laser
radiation to generate a THz pulse on the PGL. The “input” pulse is then sampled by the
LT-GaAs switch directly opposite the generation switch (Figure 3.4), where the current
detected as a function of beam delay time is shown in Figure 3.5. For all measurements
throughout this thesis (unless otherwise stated), the peak of the “input” pulse is centred
at 0 ps, which means that the time before the pulse has negative values. The standard for
normalising pulses in all figures is to divide the signal by the peak positive value (when
the baseline is 0 nA). This means that some signals may have a peak-to-peak amplitude

greater than 1.
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Figure 3.5: The “input” pulses measured on six devices, where the LT-GaAs in
each was annealed at various temperatures. (a) The measured pulse for each
device. (b) Each pulse normalised to emphasise differences in the pulse
characteristics at each anneal temperature.
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This measurement is important in the characterisation of an OC-THz-TDS device as it
shows the pulse shape before it has had a chance to form into a propagating mode on
the waveguide. The detector switch is directly connected to the lock-in amplifier, and
illuminated by the 10 mW probe beam. Both beams used a 10 cm focal length lens and
were polarised in the same direction as the biasing field. This was sometimes an issue for
devices with 9 um centre conductors, as the size of the laser spot meant that each beam
also illuminated the opposing switch, as illustrated in Figure 3.6. This produces two
superimposed signals in the time-domain; the stronger “intended” signal, as well as a

weaker replica of the signal which is reversed in the time-domain (at O ps).

“Input” pulse measurements were conducted for the 6 devices in which the LT-GaAs
was annealed at temperatures from 500 °C to 625 °C. Two or more pairs of switches on
each device were measured, and the largest amplitude pulse from each device is plotted
in Figure 3.5 (a). Each pulse was also plotted with normalised amplitude to allow pulse
width comparison in Figure 3.5 (b). The amplitude data shows that the strength of the
field increases with anneal temperature, and rises rapidly above 575 °C. However, the full
width at half maximum (FWHM) of the pulses was consistent for values up to 600 °C
(1.5 ps to 1.8 ps), but at 625 °C it was almost double the other values at 3.12 ps. This is
interesting when compared to the autocorrelation data as the trend in carrier lifetimes is
not carried through to the “input” pulse measurements. This was also noticed in
separately conducted measurements of LT-GaAs.”” One possible cause is that below a
particular carrier lifetime, the properties of the switch (capacitance, resistance and

inductance) dominate the frequency response of the switch.
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Figure 3.6: Illustration of the effects that is produced when the spot size is larger
than the centre conductor. The intentional signal (left) is produced by the full
illumination of each switch by the assigned beam. This is shown as a red trace in
the centre figure. The un-intentional signal (right) is caused by the illumination
of the opposite switch by each of the beams, the results is a smaller signal reversed
in the time domain (blue in the central figure). The measured signal is a
summation of the red and blue pulse shapes.
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Table 3.3: Comparison of the signal to noise ratio for each anneal temperature.

Anneal 500°C | 525°C | 550°C | 575°C | 600°C | 625°C
temperature

Peak  amplitude 2.28 2.29 7.15 13.67 52.41 83.02
(nA)

Standard 0.070 0.031 0.008 0.039 0.062 0.253
deviation (nA)

SNR (dB) 30.24 37.45 59.056 50.92 58.54 50.32

The performance of the switch may be improved by altering the geometry of the
switches, as discussed in Section 2.2.5, but the design used here was chosen as it has
previously been demonstrated to work at up to 2 THz on thinned quartz substrates.”® As
the devices used in this section were fabricated on higher permittivity bulk GaAs, the
main limitation to reducing the FWHM is expected to be interaction between the THz

field and the substrate.

The falling edge is typically what defines the bandwidth as it is highly dependent on the
carrier dynamics of the system. The rising edge of the input pulse is the rate at which the
electrons are pumped into their excited state and is predominantly defined by the
excitation time of the laser pulse (100 fs in this instance). It is expected that for all pulses
the leading edge should have the same rise time, which is observed to be true for all but
the 625 °C annealed device. This is clearly a result of the longer cartier lifetime in this

device but the exact reason for this is unknown.

The signal-to-noise ratio (SNR) of these signals is calculated by

2
Iy

SNR = 1010g< 2),
Uavg

(3-1)

where I, is the peak of the main peak in nA, and 04,4 is the average standard deviation

of the signal before the main peak. The SNR of each pulse is given in Table 3.3, where
550 °C shows the best performance. The devices with lower temperatures each have
significantly poorer performance, as can also be seen by Figure 3.5 (b) in the form of
short-period random deviations. From 550 °C upwards, the SNR value means that the
signal is very clean and reflections and oscillations that may occur in the time-domain

can be easily resolved.
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Autocorrelation measurements and IV sweeps are both useful tools for analysing and
characterising the material and fabrication techniques, but “input” pulse measurements
are critical in the systematic evaluation of devices. This is because the frequency spectrum
of the generated pulse determines the maximum system bandwidth which, as we see, is
not limited solely by the properties of the semiconductor. Based on the results presented
so far in this chapter for wafer 1.488, an anneal temperature of 575 °C showed the suitable
LT-GaAs performance in terms of “input” pulse FWHM and signal-to-noise ratio. The
LT-GaAs used for devices in the following chapters (1.1130) was also annealed at 575 °C,
which was found in all cases to provide ample performance in terms of amplitude,

FWHM and signal to noise ratio.

3.2.5 Transmitted pulse measurements

Transmitted (or “output”) pulse measurements were conducted using very similar
techniques to “input” pulse measurements, with the difference that the sampled
detection switch was now located some distance along the PGL from the generation
switch. This distance was typically 0.5 mm to 2 mm depending on the device. As the
pulse was allowed to propagate a finite distance, the velocity of the pulse could be
determined directly by measuring the time of flight (TOF). A common method for doing
this is to measure an “input” pulse and an “output” pulse in the same time window.
Calculation of the velocity is determined from the known geometry and the time delay
from the “input” to the “output” measurement. However, this measurement requires the

probe beam to move between scans, and the path length of the beam is not maintained,
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Figure 3.7: An illustration of pulse velocity measurement configuration using
two switches. The bias and detection roles are alternated for the two
measurements. This causes the pulse to travel from right to left (blue line) and
left to right (green line).
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especially if the beam is not perpendicular to the device. An alternative method, that does
not require any re-alignhment of the beams, is to measure an “output” pulse and then to
swap the electrical bias and detector probe connections and perform a second scan using
the same beam locations. An illustration of this measurement is given in Figure 3.7 for a

PGL transmission line. The velocity of the pulse is
v =At,/2d
(3-2)

where At,, is the time difference between peaks and d is the distance between switches.
This method was found to be the most accurate during device characterisation and was
therefore used for propagation velocity measurements throughout this thesis. For clarity,
however, many of the figures in the following chapters plot the “input” and “output”
measurements on the same axis as this is a more intuitive way to describe how the pulse

propagates through the device.

3.3 Characterisation of graphene

Since the first isolation of graphene in 2004, many methods have been developed to

identify and characterise the material. These range from advanced optical microscopy

2 123

techniques,'” to transmission electron microscopy (TEM),'” and atomic force
microscopy (AFM)."** This section discusses the two primary methods that were used to
characterise the devices used in this thesis to determine the sheet resistance, cartier

concentration and layer thickness of devices.

3.3.1 Resistance measurements

Measurements of the resistance of the graphene were performed during fabrication and
THz-TDS testing of the device. This allowed fast analysis of the contacts between the
metal and graphene, and allowed an estimate of the quality of the graphene. During
fabrication, an HP 4145A semiconductor parameter analyser was used in conjunction
with a probe station to test the graphene transfer process. Values of sheet resistance for
the top-contacted graphene ranged from 700 Q/0 to 2000 Q /0O, when measured with
four terminal sensing. To estimate the contact resistance for two-terminal graphene
devices, two 5 pm X 9 um metal/graphene Hall bar geometties were fabricated using the
same top-transfer of graphene techniques. The contact resistance was established to be

in the region of 300 Q to 500 €.
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The sheet resistance was periodically measured during the OC-THz-TDS
characterisation of the sample to check for variations in the graphene’s properties. These
were typically performed after measurements that used higher bias, as many devices in
the early stages of this project were especially prone to failure due to static discharge or
joule heating. These issues were significantly reduced for the devices in the following
chapters by applying an inert photoresist to the surface of the graphene, which helped

with structural and thermal stability during measurements.

3.3.2 Raman spectroscopy

Raman spectroscopy of the devices, used throughout this thesis, was performed using a
Horiba Jobin Yvon Raman microscope with a 532 nm laser source. Measurements in the
early stages of this project used a 633 nm laser source, but it was found that the
background signal levels from quartz were significantly higher due to fluorescence at this
wavelength. The highest scan resolution was used (1800 grooves per millimetre grating)
and the optimal sensitivity, without saturation, was found to be 90 seconds per
measurement with 10 averages at each scan range. The 50 X objective lens that focussed

the beam onto the sample resulted in a spot size of ~lum.

To identify graphene, scans were conducted in the range from 1200 cm™ to 2850 cm™

where the key resonances were found at approximately 1350 cm™, 1580 cm™ and
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Figure 3.8: Raman spectra of the D-band (1250 cm™ - 1450 cm™), the G-band
(1500 cm™ - 1700 cm™) and the 2D-band (2600 cm™ - 2800 cm™) for the device
used in Sections 4.5, 5.2, 5.3, and 6.2.
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2700 cm™ for the D, G and 2D bands respectively.' Each band corresponds to in-plane
vibrational modes and, although the precise shape of the peaks are complex, the ratios
and positions can be used to quickly evaluate important properties, such as the number

of graphene layers, or cartier concentration.'**'”’

The bands that are used to identify and characterise graphene are shown if Figure 3.8.
The device measured is D3, the same device discussed in Sections 4.5, 5.2, 5.3, and 6.2.
The D peak was found to be weak and too small to extract meaningful values for its
height, etc. This indicated that the crystal domain size of the CVD grown graphene was
not significantly smaller than the Raman spot size (~1 pm) and the overall quality of the
graphene was good. A single Lorentz fit was performed for both the G and 2D bands
where the individual parameters for each are shown in Table 3. The values indicate a
single layer of graphene based on the location, FWHM and intensity ratio (Ip/lg). In
order to determine the carrier concentration, the values of the G-peak position and
intensity ratio (I,p/I;) corresponded to a p-type catrier concentration of 6 + 2 x 10"
cm”, when compated to the measurements of Das e a/ for a Raman data at range of

carrier concentrations.'?’

Table 3.4: Raman peak values for transferred CVD graphene on quartz from
Graphene Square (Korea).

Peak Position (cm™) | FWHM (cm™) | Area (a.u.) Intensity (a.u.)
G 1594 13.9 22651 1041
2D 2687 36.5 84162 1466

Raman spectroscopy was also used to determine if LT-GaAs was fully removed after
etching to ensure that the photonic effects can definitely be attributed to the graphene.

This is discussed in detail in Section 5.2.2.
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Chapter 4: On-chip terahertz spectroscopy of graphene

4.1 Introduction

This section discusses the design and measurement of an on-chip terahertz waveguide
device to investigate the pulse reflection and propagation properties through a channel
of graphene. The devices were engineered to allow multiple geometries to be tested for
reference and spectroscopy measurements, using a single chip. This was done to enable
consistency of the graphene and LT-GaAs properties and to minimise the necessity for
multiple devices to be fabricated. The geometries that are characterised include a straight,
continuous waveguide as a reference measurement, and increase in complexity towards
a cross-shaped graphene region contacted by four independent terahertz transmission
lines, each with the ability to transmit or receive pulses. Finally, the first “on-chip”
optical-pump terahertz-probe (OPTP) measurements are presented, as a means of

comparing the existing literature of “free-space” OPTP measurements.

4.2 Device design

Quartz substrates that incorporate LT-GaAs, metal transmission lines and graphene,
require many fabrication steps, where each of the three fabrication stages has the
potential to compromise any of these materials. The complexity of the fabrication means
that it can also take 2 — 3 weeks to fabricate a single device, which is very labour intensive
if many device geometries are to be tested. To address this, the eatly stages of this work
focussed on obtaining a device design that was simple to fabricate, easy to integrate with
graphene and would provide a clean response in the time-domain, without any significant

reflections or features that would distort the pulse.

The design of the device must minimise reflections in the time-domain that are not
associated to the sample under test. These reflections mask, or interfere, with
spectroscopic information from the sample (oscillations or reflections) and can make
analysis difficult. Features that cause impedance mismatches are typically avoided in
terahertz frequency waveguides, including geometric changes in the path of the
propagating pulse, open circuits, or short circuits. Metal features placed close to the
waveguide may also interact with the evanescent terahertz field. Not all reflections can
be avoided, especially those attributed to the bonding pads at the end of each waveguide.

Hence, these are typically placed far away to maximise the reflection-free time window.

A large reflection-free scan window is desirable for spectroscopy applications, and so on-

chip device designs are typically very simple. These are often single transmission lines
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with two pairs of photoconductive (PC) switches so that the remaining available space
can be kept clear, or be used for long transmission line connections to the bond pads.
The design, shown in Figure 4.1, implemented similar switch and PGL regions to existing
OC-THz'TDS PGL devices® but requited modifications to be used for THz
measurements of graphene. It was also designed to fit many individual PGL
configurations onto a single chip, whilst attempting to minimise unwanted cross-talk

between close proximity waveguides.

The maximum number of devices that could be incorporated was limited by the area of
LT-GaAs that is transferred to the quartz and the minimum separation between parallel
PGL lines. The LT-GaAs fabrication process had been optimised for sizes of
approximately 4 mm X 4 mm. Although wafer scale regions can be transferred,'” the
selected size was used to conserve LT-GaAs material. The minimum separation between
parallel PGL lines was chosen based on simulations of the perpendicular evanescent field
of 2 9 um wide PGL on quartz.”’ The amplitude was shown to decay away from the
centre to <10 % when 50 pm above the metal and to <2 % at 200 um. For the device in
Figure 4.1 (c), the separation between horizontal PGL lines in the centre region (between
the red bars) was 300 um, as these are very sensitive regions. The separation between the

PGL and probe lines (thicker black areas) was 150 pm.

The width of each PGL was 9 um, and was chosen to be reasonably small to have a
tighter field confinement to metal, whilst still being large enough so that optical
lithography features were well above the tolerances of the processing. The PGLs and
probe arms connected the bonding pads, on the far left and right of Figure 4.1 (a), to the
PC switch bars (Figure 4.1 (c) - red vertical bars). As reflections may occur at sharp PGL
bends, these were graduated from the centre to minimise the total bend angle, where the
bend is ~1.2 mm away from the PC switches. The overall size of the device was designed
so that it could be fabricated on 16 mm X 16 mm quartz substrate because, if time
permitted, the device would be tested in a cryogenic OC-THz-TDS system with 12T
magnetic field capabilities. Three separate mask designs allowed the distance between
switches (and LT-GaAs bars) to be 500 um, 1 mm or 2 mm apart. This was implemented
to vary the total propagation length of the “output” pulse if desired. For simplicity, all

measurements in this chapter are for the 2 mm geometry.
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Figure 4.1: Design of multi-device, on-chip THz TDS system. (a) The full
device design with metalized regions in black and red parallel LT-GaAs strips
2 mm apart in the centre. (b) An image of the fabricated device on a 20 mm X
25 mm quartz substrate. (c) The design of the central PGL region.

The design incorporated seven seperate configurations, seen in Figure 4.1 (c), that were
grouped into three experiments: (S) straight PGL characterisation; (B) 90° bend PGL
characterisation; and (X) cross-shape characterisation. Each of the experiments consisted
of one reference device that had a unbroken PGLs from left to right, labelled as S, X and
B. These geometries were replicated with a 50 um gap in the centre, as shown by SG-50,

XG-50 and BG-50. The cross configuration also had a 30 um gap configuration, XG-30.

For reasons stated below, not all devices were characterised, but S, SG-50 and X-50 are
each plotted with their important dimensions in Figure 4.2, where the switches are
labelled left (L) or right (R) and numbered for each device. The straight PGL
characterisation setup, shown in Figure 4.2 (a), allowed a benchmark measurements as a
comparison to straight PGL designs used in previous projects. This, in turn, would allow
better interpretation of the more complex designs on the rest of the device. In the lower
section of Figure 4.2 (a), the 50 um gap of device SG-50 was selected to provide a large
enough separation between the left and right PGL to keep cross-talk to a minimum, but
to be small enough so that if any signals were coupled to the graphene (red) they would

not be significantly attenuated.
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The 90° bend PGL experiment (not pictured in Figure 4.2) was added to reduce the level
of cross coupling over a similar sized gap in the straight PGL configuration, where similar
designs were previously studied.”'"” This geometry was not characterised in this project,
as the four terminal cross device in Figure 4.2 (b) was considered more versatile as it

provided one “straight” and two “90° bend” geomettries in the same device.

The design XG-50 had two 50-um-long perpindicularly-crossing segments of the metal
PGL in the centre of the device replaced with graphene. Each of the four PGL lines
acted as electrical contacts to the graphene. Two LT-GaAs switches we positioned on
each of the PGL lines so that “input” pulse measurements could be made for each
induvidual waveguide. “Output” pulse measurements in any combination, could also be
performed from one switch pair to another to characterise the transmission through the
graphene area. However, the single probe arm for PC switches X-L.2 and X-L3 (also
X-R2 and X-R3) was primarily intended to be used for “input” pulses, and shared the
same connection. Therefore, “output” pulses between these switches could not be
measured. Due to the bends of the transmission line, the total path distance through the

graphene to any other switch pair is ~2.19 mm.
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Figure 4.2: Schematic of the PGL region with LT-GaAs illustrated in blue, gold
in yellow, and graphene in red (not to scale). (a) The straight PGL
characterisation setup with and without gaps. (b) The cross shaped graphene
design with four terahertz PGL lines as graphene contacts.
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4.3 Characterisation of Goubau lines

To characterise the performance of the switches and waveguides in this design, a
reference device D1 was fabricated without graphene. The straight PGL design “S” was
used to measure “input” pulses from switches S-L1 to S-L2. “Output” pulses were
measured from S-L1 to S-R1, where the total pulse propagation distance was 2 mm. The
results from these measurements are shown in Figure 4.3. The PGL was 9-um-wide and
80-nm-thick, where the skin depth of the field in the metal is ~78 nm at 1 THz, and
~250nm at 100 GHz. As the metal thickness should ideally be three times the skin depth
of the lowest frequency, the transmission line is expected to contribute to losses that
could, otherwise, be rectified by using a thicker metal film. However, the graphene
transfer technique described in Section 3.1 had a high failure rate with metal films thicker
than 100 nm. Transmitted pulses, measured using an 80-nm-thick PGL, could still
support few-picosecond pulses with suitable signal-to-noise ratios and, hence, this

thickness was used for all graphene terahertz devices.

When analysing terahertz time-domain measurements, there are typically three main
features which can be analysed: the main pulse; reflections from impedance mismatches;
and resonances that are excited by the main pulse. The amplitude of the “output” pulse
in Figure 4.3 appears to be larger than the amplitude of the “input” pulse, although it is

clear that there are no active components in the system and, hence, there cannot be gain.
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Figure 4.3: The “input” and “output” pulse measurement for a straight PGL
line.
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This larger amplitude is an illustration of the variation in switch properties across the
device due to micro-cracking and stresses, a result of the van der Waals transfer process.
For this reason, caution should be used when comparing the amplitude of two sets of
results that are not tested using the same switches. In this instance the same generation
switch (S-L1) was used, and indicated that S-R1 is more efficient as detection switch than
S-L2. Furthermore, the “input” pulse measurement has greater noise levels than the
“output” pulse, as can be observed by the short time period fluctuations (<2 ps) along

the total length of the scan.

The time difference between the two pulses in Figure 4.3 is 10.8 ps, and corresponds to
a velocity of 1.85 X 10° m s”'. However, as described in Section 3.2.5, this is a coatse
evaluation of velocity and a more accurate measurement can be determined from the
forward and reverse “output” pulse measurements plotted in Figure 4.5, where the
velocity is 1.67 X 10° m s™. This value is consistent with previous devices that were

measured using the same permittivity quartz substrate and the PGL dimension.

The full width at half maximum (FWHM) is often used to characterise the carrier
dynamics of the LT-GaAs, and also gives an estimation of the total bandwidth of the
pulse, where a smaller FWHM generally indicated a broader bandwidth. For the straight
device, the “input” pulse FWHM is 2.7 ps and broadens to 3.1 ps at the output, which is
a typical result of phase dispersion. An in depth study of the dispersion of a similar 2 mm
PGL has previously been investigated by Gacemi e# a/, where a linear dispersion relation
was found below 600 GHz as shown in Figure 4.4.” Above 600 GHz, increased

dispersion and attenuation was attributed to an increased confinement of the propagating
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Figure 4.4: The propagation properties of a THz pulse on a 5 pm wide PGL line
measured up to 2 mm from the reference pulse as recorded by Gacemi et al. Ref
39. a) The dispersion relation (black) with the plane wave dispersion in red. b)
Electric field attenuation as a function of frequency at 2 mm.
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mode in the substrate. This is in good agreement with the FFT data of Figure 4.5 where
the noise levels are drastically increased in the output pulse above 500 GHz. The values
of FWHM, measured on device D1, are relatively large in comparison to other “input”
pulse measurements using the same switch geometry, which can be as low as 1.65 ps on

device D3. This demonstrates the variance of carrier properties that also vary from one
LT-GaAs transfer to another.

Reflections from other features on the waveguide are seen at ~54 ps in the “input” pulse
scan and ~65 ps in the “output” pulse. These are unusual for this type of device, as they
were the same polarity as the main peak (indicating an open-circuit feature as described
in Section 4.3), and arrived >10 ps earlier than the short-circuit reflection at the bond
pads was expected. Therefore, it was evident that these must originate from a defect in
the device. The location of the defect can be determined to be 4.5 mm away from the
main switch, where the bond pads are located 6.5 mm away. This defect, a small break
caused by the metal lift-off process, was subsequently identified using optical microscopy
and was found to be in the expected position. As the defect was so far away from the
switch region, it was not detrimental to the other measurements other than slightly
decreasing the reflection-free time window from 70 ps to 50 ps and, hence, the fast

Fourier transform (FFT) resolution is decreased from ~15 GHz to 12 GHz.
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Figure 4.5: (a) Time of flight measuring the propagation velocity of the PGL.
(b) Average FFT power spectrum of five scans measured at the “input” (red,
with blue standard deviation) and “output” (black, green standard deviation)
locations.
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The small oscillations that are observed immediately after the main pulse are caused by
reflections in the probe arms. The upper probe arms consisted of a single 30-um-wide
PGL that ran directly to the bond pads and did not contribute to these oscillations.
However, the lower probe arms were also shared with the adjacent design and produced
Fabry-Pérot like oscillations. The splitting point between S-L2 and SG-L1 caused a lower
impedance interface, followed by a higher impedance interface when the pulse arrives at
the opposing switch. This was overlooked in the design phase, and meant that all pulses
on this device were followed by oscillations of varying intensity with a 4.5 ps period. In
the time-domain, the oscillations can be seen, but the amplitude relative to the
background is small. Resonances can, sometimes, be seen more clearly in the frequency-
domain by calculating the FFT of the pulse measurement. The 4.5 ps period corresponds
to a small feature at ~220 GHz on the “input” pulse trace, and is even weaker in the
“output” pulse trace. Although this resonance is small for device S, it is mentioned
because it is much more apparent in the measurements of SG-50 and XG-50, where both
the generation switch probe arm produces the Fabry-Pérot oscillations and is seen clearly

in both the time- and frequency-domain.

The spectral range of the “input” and “output” pulses can also be determined from the
FFT spectra, where the power level for the “input” pulse becomes indiscernible from the
noise floor at a little under 1 THz. The FFT of the “output” pulse shows a clean signal
up to 400 GHz and then becomes very noisy, which is consistent with the FWHM of the
respective switches. Further reference measurements of the other designs included on
device D1 could not be performed as the quality of the LT-GaAs switches was
insufficient to take pulse measurements. A second device was then fabricated to test how

the variation of design S was altered by the presence of graphene.

‘ I
S

SG-50

Figure 4.6: Illustration of graphene configuration for device D2, with a 150 pm
wide channel of graphene from the top to the bottom of the device.
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4.4 Characterisation of Goubau lines with graphene

Device D2 was fabricated using the same PGL design and dimensions as Section 4.3, but
with a 150-um-wide graphene channel that was 4-mm-long perpendicular to the direction
of the PGL, as shown in Figure 4.6. This graphene strip electrically connected the centre
of the seven devices on the chip to each other. The resistance of the graphene between
metal contacts of device SG-50 was 3 kQ and, therefore, the two-terminal sheet
resistance per square must be larger than 0.54 kQ/0 (assuming that the minimum

channel width was the width of the PGL, 9 pm).

The normalised “input” and “output” time-domain results for the continuous PGL
design “S”, with graphene, are plotted in Figure 4.7. The relative arrival time of the
“output” pulse is similar to Section 4.3, and hence no significant change to the average
permittivity is observed, which is expected for an atomically thin sample. A clear
indication that graphene was in contact with the transmission line can be inferred from
the time-domain scan, where the negative polarity reflection of the “input” pulse is
detected at 11.5 ps. This reflection, which originated from the transition between the
PGL and the lower impedance graphene interface, occurs ~1 mm away from the switch

and propagates a total length of ~2 mm. This distance is the same as the “output” pulse

and, hence, they arrive in the time-domain at the same time.
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Figure 4.7: Normalised “input” and “output” pulses for a straight 2-mm-long
PGL line with a 150-ym-wide graphene channel in the middle. The “input”
pulse has an amplitude of 5.55 nA and a 2.6 ps FWHM. The “output” pulse
amplitude is 2.68 nA with a FWHM of 2.97 ps.
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The reflections that occur after 60 ps are caused by the lower impedance bond pads at
the far ends of the PGL, and the shortest path arrived after a total distance of 13 mm
with a velocity of approximately 1.88 X 10° m s™. This is faster than the 1.67 X 10° m s
measured in Section 4.3, where the difference is attributed to the formation of a (faster)
CPW mode propagating between the centre conductor and probe arms. The “output”
pulse reflection is about twice as large in amplitude than the “input” pulse reflection. This
is because the total path length from the “input” switch to the bond pad and then back
to the output switch is the same for both left and right bond pads. Therefore the two
reflections arrive in phase, and constructively interfere. However, the “input” pulse
reflections that occur at the left and right bond pads travel different path lengths and do

not arrive with the same phase.

Other than the reflection from the graphene region, the “input” pulse is very similar to
the device with no graphene in Section 4.3 and has a FWHM of 2.6 ps. The “output”
pulse, with a FWHM of ~3 ps, has a very distinctive difference to the non-graphene
device in the form of a sharp negative spike ~4 ps after the main pulse. This is due to
interactions between the pulse and the graphene section, where the shunt inductance,
capacitance and resistance of the graphene will change the shape of the pulse. A shunt
inductance would act as a differentiator in this configuration, which is a possible

explanation for the sharp negative spike. However, the FFT of “input” and “output”
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Figure 4.8: FFT spectrum for the input and output pulses for the Device D2 and
design S.
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pulses (Figure 4.8) reveal a very similar frequency response which does not vary by more
than 6 dB from DC though to 800 GHz. The lack of frequency dependency indicates
that the reactive elements (capacitance and inductance) have a negligible influence on the
pulse and the change in shape is more likely to be a result of the graphene’s resistive

effects.

Using device D2, the design SG-50 was also tested by generating pulses from SG-L.1 and
detecting them at SG-R1. The normalised “input” and “output” measurements are
shown in Figure 4.9. The gap in the PGL is observed to produce a reflection at 11.7 ps
in the “input” pulse measurement, the amplitude of which is ~40 % of the main pulse
and is positive in polarity. The “output” pulse measurement, on the other hand, is
distinctly different and displays a large resonance with a period in the range of
5.16 £ 0.86 ps, which exponentially decays with a time constant of ~6.3 ps. The negative
pulse immediately after the main pulse is caused by a series capacitance (or parallel
inductance). With the addition of a gap to the PGL of this design, this type of response
would be expected. However, this only accounts for the first positive and negative pulses

and not necessarily for the oscillations seen from 16 ps to 45 ps.
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Figure 4.9: “Input” and “output” pulse for a gapped 2-mm-long PGL line (SG-
50) with a 150-pym-wide graphene channel in the middle (device DZ2). The
“output” pulse peak arrives 12.49 ps after the main pulse. The pulses have been
normalised by dividing by the most maximum positive value. The exponential
fit of the “output” pulse envelope is shown inset.
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Before the possible sources of these oscillations are discussed, it is convenient to
determine their representation in the frequency-domain. Large, sharp features in the
time-domain produce high frequency components and, hence, an increased bandwidth
would be expected to be due to the large negative peak at 15.6 ps. The FFT of the “input”
pulse was subtracted from the FF'T of the “output” (Figure 4.10) to obtain the differential
frequency response. This allowed a clearer observation of the frequency components that
contribute to the oscillation. The peak of the resonance in the frequency-domain occurs
at 800 GHz and has a response up to 1.5 THz. This behaviour can be explained by the
capacitor-like response caused by the 50 um separation of the two PGL graphene
contacts, where the higher frequencies couple more effectively than the lower
frequencies, and DC is blocked entirely. This leads to the spectrum seen in Figure 4.10,
where there is a 25 dB difference between DC and 800 GHz.

There are a few possible mechanisms by which dampened oscillations can occur in a
complex on-chip time-domain system such as this, including by plasmon resonances and
by Fabry-Pérot oscillations. The latter may occur at multiple locations e.g. the pulse can
be reflected between the metal/graphene interfaces at the 50 pm separated PGLs or
between the edges of the 150 um graphene channel. This would account for the

repetitions of the pulse in the time-domain. Fabry-Pérot cavities typically produce sharp
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Figure 4.10: Differential FFT of the “input” and “output” pulse measurements
of a 2-mm-long PGL line with a 150-ym-wide graphene channel spanning the
width of the 50-um-long gap. The resolution of the data is 14 GHz. (N.B.
subtraction of the two FFTs in dB is the same as division in a linear scale)
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resonances in the frequency-domain. If a period of 1.25 ps is used, corresponding to the
largest resonance of the system at 800 GHz, a velocity of 40 X 10° m s™ is required for a
50 um gap or 120 X 10° m s™ for a 150 um channel. These velocities are slow for a typical
metal PGL waveguide on a low permittivity substrate and could be an indication of strong
coupling of the terahertz field to the graphene, where higher confinement results in
slower velocities. As discussed in Section 2.4.4, excited plasmon modes in graphene

display confinement up to 40 times greater than free-space.

4.5 Characterisation of cross-geometry graphene

A third device was fabricated, D3, in which the graphene region was defined into
channels between the PGL contacts, as indicated in red in Figure 4.2. The 2 mm cross
geometry, XG-50, was tested and its “input” pulse and corresponding FFT are shown in
Figure 4.11. In the time-domain, the main pulse has a FWHM of 1.9 ps and a reflection
of this pulse is seen at ~12.5 ps. As the path from the switch to the graphene is not a
straight line, the total propagation distance is 2.14 mm, and not 2 mm as it was with
device XG-50. Therefore the pulse velocity is 1.71 X 10° m s™, in good agreement with
previous measurements. An “input” measurement was taken at each of the four switches
and differences were found in the amplitude of the reflection from 42 % to 54 %. The

FWHM of the main peak was 1.8 * 0.2 ps when sampled on the left side of the device,
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Figure 4.11 (a) “Input” pulse of the cross geometry device as generated at X-L1
and detected at X-L2. (b) FFT of the “input” pulse.
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and 2.6 = 0.2 ps on the right side of the device due to the variance of the LT-GaAs

material.

The “input” pulse in the frequency-domain displays a clear resonance at 220 GHz which
is from the probe arms, as discussed earlier. There is also a ~80 GHz feature which
corresponds to a waveform period of 12.5 ps and is due to the main pulse and its
reflection being interpreted as a single wave in the FFT function. The frequencies
produced by the “input” pulse (X-L.1 to X-1.2) extend up to ~3 THz, but the spectrum
becomes slightly noisier after 600 GHz.

For simplicity, not all combinations of “output” pulse are shown. The two generation
switches that were selected to be shown were chosen from the left side of the device due
to their lower FWHM “input” pulses. Figure 4.12 shows the “output” pulses where
distinct features were observed for each of the three possible pulse directions. To prevent

confusion the paths will be referred to as:

e Forward — the pulse travels directly across the graphene cross to the opposing
PGL e.g. from X-L1 to X-R4.

e 90° opposite — the pulse path bends 90° at the graphene region and is detected
at the opposite side of the device e.g. from X-L1 to X-R1.

e 90° return — the pulse path bends 90° at the graphene region and is detected on

the same side of the device e.g. from X-L1 to X-1.4.

The pulses detected by the inside switches X-R2 and X-R3 can be seen to oscillate much
more energetically. This is because the probe arm is in close proximity to two PGL lines,
each with approximately equal strength pulses traveling along them. The unwanted signal
on the opposite PGL will arrive with a phase delay due to the longer path length. By
making the assumption that this same interference does not reach the outer switches (X-
R1 or X-R4) an approximation of the cross-talk can be obtained by subtracting the signal
detected at X-R3 (inner) from the signal detected at X-R4 (outer). The result (not shown)
was strong oscillations starting at 1 ps, with a period of ~4.5 ps (220 GHz) caused by the
resonant probe arm. Therefore, in the following analysis of “output” pulses, pulses
detected by the inside switches X-R2 and X-R3 are only relevant in the time range from

-15 psto 1 ps.

As the structure of this device is quite complex, there are some propagation paths, from
one switch to another, that are shorter than the path through the graphene. Because of
this, features can be observed before the ‘graphene path’ arrival at 0 ps. The most

prominent of which is found on the ‘90° return’ path of the beam (e.g. X-L1 to X-1.4),
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where a sharp rise in amplitude is observed at -7.2 ps due to direct coupling across the
probe arm. The amplitude of the signal then decays slowly as the falling edge of the direct

pulse coincides with the rising edge of the main pulse.

The “90° opposite”, and “forward” path do not share a probe contact with the emission
switch and, therefore, the amplitude of the oscillations is lower. The rising edge of each
of these pulses begin at the same time, however, they differ very slightly as the forward
path includes a small peak at -4.2 ps, best illustrated by the pulse from X-I.4 to X-R2. If
this peak is considered to be a discrete pulse that is generated at the same time as the
main pulse, its velocity is ~2.7 X 10° m s which is too fast for waveguide propagation
on quartz. If this is the case, then the small peak cannot have travelled along the PGL
and, hence, did not pass through the graphene and, therefore, cannot provide any

information on the properties of graphene.

The 90° geometry was specifically selected to reduce cross-coupling, as predicted by
simulations using the finite element method (Ansoft HFSS), in which it was established
that frequencies above 400 GHz are strongly attenuated in comparison to “straight”
designs.'"” Similar 90° designs were also used in mm-wave measurements of graphene.”
presumably to also reduce cross-coupling between the transmission lines. The
measurements of this device show that the oscillations of the “90° opposite” path in
Figure 4.12 are the most inhibited, when compared to the other measurements, where
X-L1 to X-R1 is the best example of this. However, the overall differences between
“forward” and “90° opposite” paths are small, and the peak-to-peak amplitudes do not
show any significant attenuation for either path length. This may be due to the close
proximity of the four graphene contacts in relation to the wavelength of the signal
(>300 pm), leading to cross coupling beyond the levels predicted in the continuous-wave

simulations.
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Figure 4.12: All possible “output” pulse combinations from
switches X-L1 and X-L4.
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In each of the measurements the amplitude of the oscillation is observed to briefly
increase between 20 and 35 ps. The timing of this would correspond to a reflection from
~1 mm away from the detection switch, and could possibly be from a reflection at the
detection switch that travels back towards the graphene region and returns to the switch.
However, the measurements in Section 4.3 did not observe any reflections from the
switch regions and, therefore, this is unlikely to be the source. Other sources of this
feature should therefore be considered, including slow velocity plasmon propagation
through the graphene.

The plasmon velocity in graphene has previously been measured using time-domain

127 and for other two dimensional electron gasses.” The time of flight of

measurements,
the plasmon through graphene was calculated in these experiments by comparing the
arrival time of the cross-talk and the arrival time of the plasmon-coupled pulse. As the
propagation distance was known and the cross-coupled pulse velocity has a much larger
velocity, the plasmon velocity was established. This value is reported to be as high as
8 X 10° ms"' and as low as 1 X 10° ms" (the Fermi velocity). For the pulses in
Figure 4.12, the features around 25 ps correspond to a velocity of 2 X 10° m s™. This
correlation is supportive in the case of plasmons, but is not a particularly strong proof of
their presence due to the other oscillations that are present nearby in the time-domain.

The experiments reported in literature changed the carrier concentration or applied

magnetic field to manipulate the plasmons and change their behaviour.

However, an experimental configuration to test these variables could not be set up within

the timeframe of this project.

The frequency responses of the signal generated at switch X-1.4 and detected at each of
the “output” switches is shown in Figure 4.13, where each of the signals is normalised to
the mean square amplitude of the signal. For the measurements detected at the inner
probe arm, which displayed the largest oscillations in the time-domain, larger peaks in
power can be seen at 220 GHz. For all signals, the majority of the energy is confined to

the sub-THz (<300 GHz) band.

Overall, the OC-THz-TDS measurements of this device demonstrated a number of
features that are specific to this complex structure that are not typically seen in more
common single wire PGL spectroscopy devices. The pulse scans and FFT spectra so far
have all provided an introduction to the dynamics of the geometry but it is apparent that
from these measurements, not a great deal can be directly attributed to the response of

graphene. Modulation of the carrier dynamics of graphene is therefore
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Figure 4.13: FFT of all “output” pulses generated at X-L4.

needed to allow a “locked-in” signal to be produced. This is done by measuring the
difference signal from in one graphene state as it transitions to another, thus removing
all the non-graphene components of the signal, such as probe arm resonances. Measuring
the THz response of graphene under optical illumination was tested with this device and

the setup and results of this experiment are described in the following section.

4.6 Optical pump - terahertz probe measurements of
graphene

Optical excitation of graphene at room temperature has been demonstrated to display
hot-carrier dynamics,” which are typically only observable in classical semiconductors at

lower temperatures.13“’1‘7’l The techniques that are used to observe this response include



On-chip terahertz spectroscopy of graphene 63

arm
e e P¢
. mp W\
Device under test Gahs 15 Graphen® P
Focus lenses

Ti:Sapphire
Laser

T
il

@
8]
=
=3
o
(2]
[0)
=]
o]
=
o
>

Lock-in amplifier

ND filters

"4 >

MC 1- Scan

[ ‘nﬂ*
V

T

Optical chopper

Generation switch | Detection switch

MC 2- Step
Alignment mirrors |

e

2

Graphene

Figure 4.14: On-Chip optical-pump terahertz-probe schematic configuration.
Each of the three path lengths from the Ti:Sapphire laser to the chip are
approximately the same length. MC 1 and MC 2 are the motion stages that are
used to control the two path lengths. The PGL design shown is for illustrative
purposes only.

optical-pump optical-probe (OPOP) and optical-pump terahertz-probe (OPTP)'"'""
measurements. These use similar techniques to FS-THz-TDS to measure carrier
dynamics with a sub-picosecond resolution. OPOP measures the change in the optical
conductivity of graphene as a function of graphene optical excitation, but this only
probes the high energy carrier distribution.'” This is a particulatly ineffective method for
measuring hot-carriers in graphene because they gradually lose energy through many
collisions and transfer energy via Auger scattering, rather than a single recombination
event. This creates many lower energy carriers in the system that are not probed by
OPOP." OPTP, on the other hand, is much better suited to detecting changes in the

distribution in gapless graphene, due to the lower energies associated with THz radiation.

Conventionally OPTP measurements are conducted using a modified FS-THz-TDS
system. An additional motion controlled beam path is added to directly excite the sample
under test. These measurements can observe the variation in graphene conductivity by
monitoring the THz pulse amplitude as it passes through photoexcited graphene. If the
graphene optical pump beam is faster than the graphene carrier dynamics, the hot-carrier
relaxation time can be measured. To date, no known OPTP measurements of graphene
have been conducted using an on-chip configuration. By using PGL waveguides as
graphene contacts, the THz field interaction with the graphene is distinctly different and
may produce enhanced results. To test this, the on- chip OPTP system configuration

illustrated in Figure 4.14 was designed and implemented.
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In this configuration it is important to note that the lock-in amplifier would detect
whichever signal is chopped. Hence, if the optical chopper is positioned on only the
“GaAs pump” or “probe” beam path, the full THz signal will be measured. However,
when the chopper is on the “graphene pump” beam path, the conductivity is modulated.
The resultant signal is the component of the “main” terahertz pulse that is altered by the
conductivity change of the graphene. To obtain the largest signal amplitude, each of the
ND filters was set to allow the maximum laser power to the chip. The splitting and optical
chopping of the beams resulted in uneven powers at each illumination position. The
power of each, before optical chopping, was ~10 mW for the GaAs pump, ~20 mW for
the graphene pump, and ~9 mW for the probe beam, where each spot had a FWHM of
~24 um. The duty cycle of the optical chopper was 50 % resulting in the power being
halved for the chopped beam. The most powerful beam was used to pump the graphene

so that the largest modulation of the signal could be achieved.

The PGL design XG-50 on device D3 (as characterised in Section 4.3) was selected for
testing as it had been shown to have good LT-GaAs and graphene properties. Before
measurements were made, the third beam path had to be calibrated. As the laser had a
temporal profile, the optical pulse must arrive at the graphene in the same time range as
the THz pulse. Therefore, the stage position that corresponded to this had to be
evaluated. To check that the motion stage and optics were installed correctly, the “GaAs

pump” and “graphene probe” beams were temporarily aligned to the “input” pulse

4 T T T T T T

= 3rd beam blocked
== 3rd beam arrival at ~0 ps

Amplitude (nA)

Time (ps)

Figure 4.15: “Output” pulses as measured from X-L1 to X-R4, with and without
illumination at the graphene region.
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configuration and the time delay of MC 2 could then be calibrated. After normal
operation of the third beam was verified, the “graphene probe” beam was positioned at
the PGL/graphene interface by aligning to the photo-thermoclectric cutrent (see Section
2.4.5). By using graphene picosecond pulse detection techniques, described in Chapter 5,
an exact time delay between the “GaAs pump” beam and the “graphene pump” beam
could be established. The time of flight from the generation switch to the graphene was

~06 ps for a propagation distance of 1 mm.

To obtain an understanding of what proportion of the THz signal was being modulated,
two full terahertz scans were performed (with the “GaAs probe” beam chopped), with
and without “graphene probe” beam illumination. These are plotted in Figure 4.15 and
it is clear that it was difficult to notice any major differences in the pulse above the

background noise level.

The difference configuration was then set up as shown in Figure 4.14, where only the
graphene THz photoconductivity modulation was measured. As the setup had two
computer controlled motion stages, multivariable measurements could be taken, where
the time-domain scan was measured as a function of the stage MC 2 position (graphene
illumination time). Figure 4.16 shows the result of these measurements where the solid
traces from left to right on the x-axis are the THz scan difference signals, measured by
sweeping MC 1. It should be noted that the amplitude of the pulse is not in phase with
the larger peak and may represent increased transparency or absorption, and the time
0 ps in this instance corresponds to the beginning of the scan and not the peak of the
pulse as in other measurements. The position of stage MC 2, plotted from front to back
on the y-axis, represents the change in arrival time of the graphene probe beam. The
largest modulation of the signal (i.e. the largest current value), is expected when the
optical pulse arrives at the graphene at the same time as the THz pulse. This can be seen

at stage position 32.2 mm.

The power of the “graphene pump” modulated signal, in comparison to the total
transmitted pulse power (Figure 4.15) is —46 dB, and is almost undetectable on a linear
scale, even in ideal noise conditions. In free space OPTP measurements the conductivity
of graphene is modulated and the entire terahertz pulse has to travel through the
graphene sheet, hence, a larger modulation is observed of ~5 % (=13 dB)."” The polarity
of optical modulation of the terahertz conductivity has been reported to be a function of
the Fermi energy in the graphene, where values below 100 meV result in optically induced
terahertz transparency, and Fermi energies above this have increased terahertz

absorption due to longer scattering rates.”” As the graphene used in this experiment had
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a Fermi level of 286 meV, optically induced absorption is expected. In contrast to the
free space OPTP experiments, graphene configured parallel to the pulse propagation,
such as in this experiment, is not acting as a transmission medium in the same way as
free space OPTP, and could be considered to be a variable conductivity transmission
line. The change in signal, therefore, could either be due to the change in the graphene
transmission line properties, or the modulation of plasmon signals traveling inside the

graphene layer itself.

As mentioned before, the plasmon velocity is much slower than the PGL mode velocity.
The peak signal in these measurements corresponds to the arrival time of the PGL mode,
and the plasmon propagation is expected to arrive tens of picoseconds after this. It can
be deduced that the main signal here is not associated with plasmons and is instead the

modulation of behaviour of graphene acting as a transmission line. It should also be
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Figure 4.16: Optical-pump terahertz-probe measurements for pulses generated
at X-L1. X-R4 was illuminated by the probe beam and scanned from 0 to 40 ps.
The graphene region probe was incrementally stepped after each scan by
0.1 mm in the range 31.5 to 36.8 mm. The colour scale is a guide for the eye.
(inset) 2D contour image of the same data. The colour scale has been arbitrarily
adjusted to emphasise the diagonal feature.
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noted that the feature observed at ~25 ps in Section 4.5 is also not seen and that feature

must be attributed to a non-graphene based feature, such as a reflection.

An interesting feature of Figure 4.16 is the small pulse which can be observed in most
scans, which is highlighted in the inset, appearing across the diagonal (top-left to bottom-
right). This behaviour represented a small amplitude pulse with an increased delay for
larger values of stage MC 2 position and was found to be independent of the signal
generated by the GaAs probe beam. This evidence indicated that a pulse was being
generated at the graphene region under excitation by the graphene probe beam, without
the need of an external bias. Photoexcited cartiers near the graphene/metal interface are
accelerated due to a diode-like semiconductor interface, formed by different graphene
doping levels at the gold and quartz. Picosecond timescale photocurrent from un-biased
graphene has previously been reported,” and the photo-thermoelectric mechanisms that

are responsible for this effect are discussed in more detail in Chapter 5.

For the purposes of understanding the change in pulse propagation with optical graphene
probe, the main peak contains the most information. From the left to the right of this
peak shows the gating properties of the graphene as the THz pulse passes over it. From
the top to the bottom of the pulse (on the y-axis) directly shows the graphene temporal

change in conductivity. The latter value is typically the only result which is analysed in
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Figure 4.17: Single dimension plots extracted from the OPTP data. (a) The THz
scan taken with the probe beam fixed at 32.2 mm. (b) The data taken along the
y-axis at the maximum pulse position. The blue dashed line is the exponential
decay fit of the pulse after 0 ps with a time constant of 1.9 ps.
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OPTP measurements. For clarity, each of these two cases are extracted from the raw data

and plotted in Figure 4.17.

Figure 4.17 (a) is the change in the THz “output” pulse when the graphene is illuminated
with a 100-fs-long duration laser pulse. The result is a convolution of the incident
terahertz pulse and the temporal graphene conductivity change. As the FWHM of the
peak is 4.2 ps wide, and the THz pulse is known to be in the 1.65 to 3 ps range, it can be
understood that the time-scale for the change in graphene conductivity is also in the few-
picosecond range. This means that the carriers in graphene are excited very quickly and
relax in a matter of picoseconds as opposed to nanoseconds for intrinsic semiconductors.
These fast carrier dynamics are well known to be attributed to the photo-thermoelectric
effect in graphene,'” and the relaxation rate is consistent with OPTP measurements of

CVD graphene using perpendicular THz interaction with the sample.13

A more accurate measurement of the electron-hole generation and recombination rate is
shown in Figure 4.17 (b). This shows the variation in peak THz pulse amplitude as a
function of the graphene sampling pulse arrival time. As the graphene is optically excited,
its conductivity changes, and this variation in conductivity affects the amplitude of the
pulse. Therefore, the change in amplitude directly represents the relaxation dynamics of

the graphene, rather than a convolution of it with the THz pulse.

Previous OPTP measurements of graphene have established that the relaxation dynamics
of graphene are described by a hot-catrier system.'” Catrier-carrier collisions in the first
100 fs after the “graphene pump” illumination result in the photoexcited electrons
gradually losing energy through impact scattering (or Auger scattering), whilst secondary
hot electrons are promoted from below the chemical potential. Initially, this conserves
the energy of the system in an electronically conducting state rather than losing the energy
to the lattice and hence the electron temperature exceeds the lattice temperature. The
cooling of hot electrons is achieved through phonon emission, where optical phonons
are only emitted above 200 meV, because of the strong carbon-carbon bonds. Below this
energy acoustic phonons emission occurs, but is inefficient due to a mismatch between
the Fermi and sound velocities."”* The hot-carrier cooling rate has been reported to be in
the region of 1 to 100 ps."”” The cooling rate for the expetimental data presented here
has an exponential decay with a time constant of 1.9 ps is plotted as a blue dashed line in
Figure 4.17, and is very similar to the values obtained in free-space OPTP measurements

of monolayer graphene.'*'*'?
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The effect of the terahertz conductivity of graphene using an on-chip OPTP
configuration is complex. The polarity of the signal could indicate a decrease in
conductivity if the graphene is modelled as a lossy load, or it could also indicate an
increase in conductivity if it is modelled as a continuous transmission line. Free-space
measurements of hot-carriers are a much more appropriate method of measuring this,
and have shown that the terahertz conductivity is affected differently for multi-layer and
mono-layer graphene. For multi-layer graphene an increase in conductivity is observed
(decrease in signal) which is expected due to increased carrier concentration (Drude
model).""'** Mono-layer graphene, however, has demonstrated decreased conductivity

#1013 This mechanism behind optically induced “bleaching” is

at low doping levels.'
debated, but has been attributed to either an electron-phonon scattering induced

suppression of free-cartier conductivity,” or stimulated emission of THz radiation."*

Although an on-chip OPTP experimental configuration has complimented the data
recorded using similar free-space systems, it has not demonstrated any advantages to
measuring the properties of graphene in this way. It has, however, confirmed that the
relaxation dynamics of hot-carriers in graphene are of the same order of magnitude as
LT-GaAs. Materials that have ultrafast carrier dynamics are rare and may have
technological relevance to terahertz applications. One such application, photoconductive

switching, is discussed in detail in the following chapter.

4.7 Conclusion

The development of on-chip THz TDS systems for graphene has been demonstrated. A
multi device on-chip system was designed to improve the yield and throughput of
graphene devices. Testing of this device revealed that relatively strong oscillations were
generated from the probe arms, but did not prohibit measurements from being made.
The traditional “output” pulse spectroscopy results of graphene were mostly inconclusive
as differentiation effects from the capacitance of the graphene probes dominated the
time and frequency-domain information. This made it very apparent that a differential
type measurement had to be made using magnetic fields, carrier concentration, or carrier
excitation. The latter was chosen and the on-chip optical-pump terahertz-probe
configuration was expanded to the existing OC-THz-TDS system. The results showed
very small modulation properties, but transient carrier dynamics were observed with

durations in the region of a few-ps.
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Chapter 5: Graphene terahertz emitters and detectors

5.1 Introduction

Gallium arsenide (GaAs) is used extensively in high speed electronics, where low
temperature grown GaAs (LT-GaAs) is of particular importance to the terahertz
frequency range. It is used as an emitter/detector in THz-TDS systems, where both the
material and the femtosecond lasers required to excite the carriers are costly (the latter
costing ~ /£ 100k at the time of writing), therefore, a great deal of research into alternative

135 These will allow use of

lower band gap materials such as InGaAs has been conducted.
the 1.55 um wavelength lasers, which are relatively cheap, since they have been
extensively developed by the telecommunications industry. As graphene has zero
bandgap, has fast carrier dynamics, and can be produced in a number of cost effective

ways, it has the potential to be a powerful tool in the development of terahertz devices;

alongside, or instead of, LT-GaAs.

This chapter presents the results of experiments on graphene-based photoconductive
emitters and detectors as a compliment to LT-GaAs on-chip terahertz devices.
Graphene, in some respects, is less than ideal compared to other photoconductive
materials, owing to its relatively high conductivity under dark conditions. However, it is
demonstrated here that it can generate and detect pulses at THz frequencies very
efficiently. Pulses detected by graphene are shown to lineatly respond to the incident
electromagnetic field and at lower laser probe powers. A sub-linear amplitude
relationship with higher laser powers is also shown, owing to larger carrier concentrations
affecting the mobility of the graphene sheet. Graphene-generated pulses are also
demonstrated, and have a similar response under applied field and laser power. Finally,
the first steps towards on-chip pulse generation and detection using only graphene are
discussed, alongside an estimation of the intrinsic response times of the devices which
were developed. Please note that the main results contained in this chapter were

published in Nano Letters."*®

5.2 On-chip graphene terahertz detectors

5.2.1 Experimental setup

Photoconductive detection of THz pulses was performed using the OC-THz-TDS
device D3 and specifically geometry XG-50, as discussed in Chapter 4. This device had
the ability to test both the generation and detection of pulses from any combination of

LT-GaAs and graphene switches. This section predominantly discusses results from the
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device as shown in Figure 5.1, where the graphene area used had a cross-shaped geometry
with four 9-mm-wide planar Goubau line (PGL) contacts, each integrated with a pair of
LT-GaAs switches for THz pulse emission. The distance between the left and right
switches was 2 mm, and the length of the PGL from each LT-GaAs emitter to the
graphene contact was 1.07 mm. For simplicity, the notation used in this chapter differs
from Chapter 4, as only the results from two LT-GaAs switches are presented. Data was
collected using the other switches on the device, but the differences were very subtle and
do not add to the discussion. The primary LT-GaAs switch, LTA, was the
emitter/detector for graphene pulses, however, LTB was also used for “input” pulse

measurements in combination with LTA. GO1 refers to the closest graphene/metal
interface and GO2 is the furthest away.

On-chip measurement techniques similar to those discussed in Chapter 4 were used to
obtain “input” pulse measurements from the LT-GaAs switch pairs throughout. To
achieve beam alignment to the graphene/metal interface, for the graphene pulse
detection measurements discussed in the current chapter, the position of maximum
graphene photocurrent (generated by the photo-thermoelectric effect) had first to be
located. A lock-in amplifier was connected to C3, while the opposing contact C2 was
grounded, and the perpendicular contacts, C1 and C4, were left floating so that
photocurrent could not be generated by these areas. The points GO1 and GO2 represent
the two locations of highest magnitude DC photocurrent of opposing sign, which could
then be alternated by changing the reference phase of the lock-in amplifier by 180°. The
switch used for terahertz pulse emission was biased using a Keithley source meter
connected to contact P1 as shown in Figure 5.1 (a). In order to obtain a “conventional”

pulse polarity, whereby the leading edge shows a rise in current when generated by a

a) b)
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Figure 5.1: Experimental device geometry. (a) Schematic of 2 mm X-geometry
device with 50 pm gap. Graphene contacts labelled C1 — C4. LT-GaAs probe
arms labelled P1 and P2. (b) Optical image of LT-GaAs switch region with
30 pm probe arms and 9-pm-wide PGLs. (c) Optical image of graphene and
PGL contacts. The distance from GO1 to GO2 is 50 pm and the graphene width
is 9 pm.
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positive voltage, the lock-in amplifier was phase locked to the most positive real signal

obtained at GO2.

The laser beam was aligned to the LT-GaAs switch using a 100 mm focal length lens to
produce a beam spot of 24 um. The chopped probe beam used for the graphene switch
was either focussed to 24 um using a similar lens, or to ~5.5 um using a 35 mm focal
length 10 X NIR objective lens. The typical operating power when employing a 24 um
spot size was 10 mW, and 1mW when using the 5.5 um spot (in order to minimise the
risk of damage to the graphene). The LT-GaAs bias voltage used was 30 V in all cases,

unless explicitly stated later.

Other devices were tested to support the results and, geometrically, were iterative

modifications of the aforementioned device. These modifications consist of:

e Another cross-geometry, fabricated with a 30 um separation from GO1 to GO2
with the same 9 um width. All other dimensions were unchanged.

e A two-terminal graphene geometry with two straight PGL contacts (rather than
four meeting at a cross). The graphene patch in this case wasa 5 X 9 um rectangle

and was located 500 um away from the LT-GaAs switches.

All geometries were fabricated on 500-um-thick quartz using a 350-nm-thick LT-GaAs
layer annealed ex-situ at 575 °C. The gold was 80nm thick and the CVD graphene,
purchased from Graphene Square, was transferred using PMMA and attached to the top
surface of the contacts. The PMMA layer was then removed, replaced with S1813, and
optical photolithography was then used to mask the desired graphene channels from a 3
minute, 50 W plasma ash. The S1813 remained on the device throughout testing to
provide structural support at the edges of the 80 nm gold contacts, and to minimise

carrier concentration fluctuations due to atmospheric absorptions.

5.2.2 Results and discussion

OC-THz-TDS detection of a few-picosecond pulse is demonstrated in Figure 5.2 (a)
using a cross-geometry graphene switch with detection occurring at GO1. This is plotted
(normalised) alongside the reference “input” pulse (LTA to L'TB) in Figure 5.2 (b). The
observed response is similar to that of LT-GaAs switches, and displays a fast response
time with a FWHM below 3 ps. Also present in the signal, however, is a DC current
contribution (which is not typically seen in LT-GaAs) of a similar order of magnitude to
that of the pulse. The dispersion of the pulse detected at GO1 for this device is quantified
to a 67 % increase in the FWHM of the “input” pulse, and may be expected to arise

owing to a combination of the carrier dynamics in the graphene, and the dispersion
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produced by the PGL. As discussed later in this thesis, the pulse width detected by
graphene is a function of optical power and detection spot location, and can vary from

2.8 ps to 3.7 ps with similar “input” pulses.

To evaluate what contribution of the dispersion is from the PGL, a comparison of two
pulses detected with graphene and LT-GaAs using similar switch geometries would be
conducted. This was not possible due to time constraints, however, two pulses were
compared that had similar FWHM values of ~1.65 ps, one detected at graphene,
1.07 mm away from the generation switch, and the other by LT-GaAs, 2 mm away from
the generation switch. These are shown in the inset of Figure 5.2, where the FWHM with
respect to the propagation distance indicates that the carrier dynamics of the graphene
are slightly slower than that of LT-GaAs, assuming increased phase dispersion on the
extra length of PGL line. There are many more variables between these measurements
that will affect the detected pulse dynamics, including switch geometry, but the important
outcome of this is that graphene has excellent properties for photodetecting picosecond
pulses with no (intentional) modification to its composition. This is something that very

few standard semiconducting materials can achieve.
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Figure 5.2: Detection of picosecond pulses emitted by LT-GaAs and detected
by graphene. (a) Raw pulse detection. Demonstrating a signal amplitude
greater than 6 nA at 10 mW laser power with a DC offset of -1.8 nA. Features at
60 ps are due to bond pads. Inset) Comparison of graphene detected pulse after
1.07 mm (black) and LT-GaAs detected pulse in another device after 2 mm
(pink). (b) LT-GaAs “input” pulse (red) and graphene detected pulse (black)
measured in the same scan range showing pulse propagation times. The

reflection of the “input” pulse at 12.5 ps is due to the impedance mismatch at
GO1.
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As the characteristics of the pulses detected by graphene and LT-GaAs were so similar,
it was vital to rule out any residual LT-GaAs contamination of the sample surface, which
could contribute to the pulse detected at GO1. To do this, two methods were used. First,
Raman spectroscopy of the device was conducted very close to the GO1 switch area and
compared to a reference sample of quartz and LT-GaAs. The Raman data (Figure 5.3)
from near the graphene switch was effectively identical to the quartz reference and,
critically, showed no photoluminescence at 290 cm™ (the strongest resonance observed
in LT-GaAs). For the second method, separate devices were fabricated where special
care was taken to completely spatially separate the area where the LT-GaAs was
transferred/etched and the location of the graphene detection switch. It was found that
such devices were also capable of detecting similar THz pulses and, hence, this effect was

not due to LT-GaAs. These devices are discussed in detail in Chapter 0.

As the influence of contamination was ruled out, a more detailed analysis of the results
was conducted to understand the performance of graphene as a detector of picosecond
pulses. The time-domain spectra of graphene showed oscillations immediately after the
main pulse and decay within 20 — 25 ps of the peak, the strongest of which occurred with
a period of 4.5 ps (~220 GHz in the frequency-domain). The source of this resonance

was the design of the probe arms, and has been discussed in Section 4.3. The FFT of this

Quiartz reference
— Near GO1
6 LT-GaAs reference

Intensity (a.u.)

0 L L
100 150 200 250 300 350 400 450 500

Raman shift (cm™)

Figure 5.3: Raman spectra for clean quartz (black), LT-GaAs as measured near
LTA (green) and an area of quartz very close to the graphene/metal interface
GO1 (red). The scan of area near GO1 was repeated for 5 distinct locations but
no peak at 290 cm™ was found.
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pulse, plotted in Figure 5.4, was directly compared both with the “output” pulse which
passed over the graphene gap and with the “input” pulse. The “input” pulse produced
frequencies beyond 2 THz before approaching the noise floor. The graphene pulse signal
fell below the noise floor above 600 GHz and the “output” pulse approached the noise
floor sharply after 200 GHz. The graphene detected pulse displayed clean spectral
response and low standard deviation up to 250 GHz, although the resonance expected
at 220 GHz (as seen in the time-domain), was barely observable due to its relative

amplitude to the main pulse and the fast dampening rate of the oscillations.

In order to gain an insight into the maximum operating frequency of the graphene
detector, all the detection pulses for a range of devices were compared. It was observed
that for all three different geometries that the FFT begins to increase in noise/standard
deviation at 250 GHz, and falls below the noise floor at 600 £ 100 GHz. This frequency
bandwidth may be limited by a number of factors including the switch geometry or a
limit imposed by the graphene carrier dynamics. Dedicated studies of each of these
factors are suggested for future work in order to determine if any fundamental properties

of graphene limit its performance.
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Figure 5.4: Frequency-domain data for terahertz pulses detected after passing
over the graphene, at the graphene and at the emission source. Frequency
averaged data over 3 scans is shown in black and *1 standard deviation is
plotted in colour. (a) “Output” pulse after passing through the graphene/gap
region. (b) Graphene detection at GO1. (c) “Input” pulse for the same device.
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Figure 5.5: Variation of DC offset (black) and total peak height (red) as a
function of probe beam polarisation.

To investigate the mechanisms by which graphene detects the terahertz pulse, an
understanding of how the graphene is interacting with the light is necessary. As graphene
is heavily researched at lower frequencies in comparison to THz frequencies, the DC
component of the graphene detected pulse will be discussed first. The two mechanisms
responsible for DC photocurrent generation in graphene consist of the conventional
inner photoelectric effect that is seen in typical I11I-V semiconductors, and the photo-
thermoelectric effect which is discussed in detail in Section 2.4.5. The dependence of
polarisation on the DC offset was studied by Echtermeyer ¢z @/ and can be used to

137

determine the overall contribution of each effect.””” The effect of polarisation on both

the DC offset and the height of the pulse are shown in Figure 5.5. The results indicated
that the PTE effect was the dominant mechanism since the rotation of the polarisation
by 90 © only changed the AC amplitude by ~7 % and the DC offset by ~18 % of the

total effect.

In order to explain the variance of the photocurrent with illumination, it should be

138

understood that the PTE voltage is given by
Vere = (51 — $2)AT
(5-1)

where §; and S, are the Seebeck coefficients for the graphene at each side of a junction
and AT is the temperature increase in the hot electrons. In this device, the Seebeck

coefficients Sy and S, represent the graphene area that is in contact with the quartz
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substrate and S1813, and the area that is in contact with the gold and S1813 respectively.
In order to generate a photocurrent, the beam must illuminate both regions. When the
spot is entirely over one of these two areas, no difference in Seebeck coefficients means
that no photovoltage will be generated as (S; —S;) = 0. At the graphene/metal
interface, however, a photovoltage is produced under illumination due to the
contribution of the two distinct concentrations in graphene at either side of the interface.
It should be noted that because the graphene in these devices is transferred above the
gold, both sections of the graphene are generating hot carriers. Using numerical
calculations based on density-functional theory developed by Khomyakov e# 4/, the
carrier concentration of the graphene-on-gold is a p-type doping approximated to be
2.6 X 10® cm™ (estimation based on un-doped graphene at T =0). The catrier
concentration of the graphene in the quartz is determined to also be p-type by using
Raman spectroscopy (as described in Section 3.3.2), but is expected to be 2 or 3 times
larger than the gold region at (6 * 2) X 10" cm™. This forms a p’-p interface that, when
illuminated with 10 mW of power, generated a DC current of the magnitude nano-amps
through 4 k() of graphene. The polarity of the current was also observed to reverse sign
when the beam position moved from GO1 to GOZ2, as this had the effect of flipping the
concentrations relative to the measurement apparatus and, hence, the reversal of the
direction of the current. It was observed, however, that the polarity of the THz pulse
remained the same at these two measurement points, indicating that the current
generation by the PTE effect is not directly attributed to the detection of the fast THz

pulse.

It is proposed that the AC detection mechanism is due to a local change in the
conductivity, and hence an increased current flow is seen at the sampling time when an
AC voltage bias is created by the incident THz field. As graphene absorbs 2.3 % of all
incident light® and almost all photons generate e-h pairs, the estimated change of the
carrier concentration when the sampling beam illuminates the graphene is

P
sn(P) = a—f,
nP) =agp

(5-2)

where @ is the fine-structure constant, P is the average illuminating power (20 mW), Ej

is the energy of the laser (1.6 eV),  is the number of pulses per second, and S is the area
of the spot. An expected change in concentration is in the region of ~6 X 10" cm?,

which is one order of magnitude smaller than the doping level of the graphene. However,
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this number only accounts for the carriers that are excited immediately after excitation,

1 This means that the true

and carrier multiplication is known to occur in graphene.
number of carriers is estimated to be as large as 4 carriers per absorbed photon when
using a laser energy of 1.6 eV and a Fermi energy of 286 meV (as determined from

Raman spectroscopy of this sample).'*

To further investigate the AC dynamics, measurements were taken at the same location
for a range of different terahertz field magnitudes in order to determine if the detection
was a linear process. The results, obtained by measuring the “input” pulse and the pulse
detected at GO1 whilst varying the LT-GaAs generation bias, are plotted in Figure 5.6.
They show that for a linearly scaling pulse amplitude of “input” signal from the LT-GaAs,
the response of the graphene was also linear. In parameter fitting of the pulse detected
at GO1 using a Lorentz peak fit for the range of —10 ps to 2 ps, it is also observed that
the area under the curve scales linearly with the THz field. This is a typical (and desirable)

characteristic for a THz photoconductive switch employed in
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Figure 5.6: Pulse amplitude as a function of LTA bias voltage for the straight
geometry device. (a) “Input” pulse at 40 V with reflection at 6 ps for shorter
1 mm propagation distance with maximum amplitudes for each bias voltage
inset. (b) Graphene detected pulse for straight device at 40V, also with
maximum at each bias shown in the inset.
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Figure 5.7 Graphene detected pulses as a function of probe beam power using
large and small spot sizes. (a) Pulse measurements for an evenly incremented
range of powers from 0.1 to 11 mW for the 24 pm spot size. Inset is the maximum
amplitude for each measured power with a linear fit to guide the eye. (b) The
DC offset (green) and FWHM (black/blue) as a function of power using the
24 pm spot. The blue shadow is the standard deviation of the fit. (c) Pulse
variance with evenly spaced powers in the range 0.1 to 3 mW for the 5.5 pm spot.
The inset shows maximum amplitude for each power. (d) DC offset and
FWHM for each corresponding power in (c).
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OC-THz-TDS, since it does not need a non-linear scaling function to be applied to the

detected pulse, and an accurate frequency response can be obtained.

The pulse amplitude measured at GO1 was not linear as a function of probe power,
however. The full pulse is shown in Figure 5.7 (a) as a function of probe powers, while
the inset shows the relationship between maximum amplitude of the pulse and the
maximum power used. A linear dependency was found for the lower powers, and a sub-
linear response is observed at higher powers. The crossover point for these two
responses occurs at around 4 mW, from whereupon it then increases with a power-law
dependence, with an exponent equal to ~0.6. In this high power regime the conductivity
change is proportional both to the change in carrier concentration and change the in
mobility under laser illumination §a(P)~eudn(P) + enydu(P), where m is the catrier
concentration without illumination. Below 4 mW the laser power is low enough that the
light produces a negligible change in mobility and, hence, the conductivity change is

directly proportional to concentration §a(P)~euén(P).

Graphene-based detection of THz pulses was repeated using a smaller 5.5 um spot size
and using the rectangular strip geometry in order to decrease the spatial region of
illumination (device D4, design SG-50). The response using a smaller spot is shown in
Figure 5.8 (a), with a direct comparison of the pulse detected using each spot size for the
same power as shown in Figure 5.7 (c). The profile of both pulses was very similar, but

there was a significant increase in amplitude for the smaller spot. To understand why this
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Figure 5.8: “Input” pulse amplitude for large and small spot sizes. (a) Direct
comparison of large and small spot size using 3 mW powers. (b) Schematic of
the spot size in comparison to the PGL/graphene interface. The red circle
represents the FWHM of the beam.
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occuts, the configuration of the graphene/metal interface is illustrated in Figure 5.8 (b)
where the FWHM of the laser spot, which contains 94 % of the lasers power, is overlaid
in red. A large portion of the power of the larger spot is not incident on graphene and
either hits the quartz or is reflected by the PGL. The smaller spot, however, concentrates
almost all of its power onto the graphene leading to a significantly higher carrier

population per unit area.

In addition to the offset and peak amplitude changing as a function of illumination, the
FWHM of the pulse was also observed to increase by up to 19 % over the range of
powers measured as shown in Figure 5.7 (b) and (d). This behaviour was not observed
in LT-GaAs “output” pulse measurements to the same extent; they only varied by 5 %
over a similar power range. The FWHM scales linearly for the entire range of
measurements and is much more apparent when using 5.5 um spot sizes. A cause of this
could be due to an increase in hot-carrier temperature at higher powers, and hence
causing the slower pulse dynamics. In order to understand this fully, however, the pulse
dependency as a function of bath temperature should be measured, but this could not be

performed with the experimental facilities available.

The power absorbed by the graphene is not the only consideration when using varied
spot sizes; the distribution of power across the width of the switch is also an important
factor. If the illumination of the beam is considered to be approximately uniform when
the spot is double that of the width of the graphene (W), the lumped element
representation is simplified as the conductivity change is across the entire width of the
switch. When the spot is reduced to a size where it is smaller than w, the lumped element
model becomes more complex as the parallel resistance of non-illuminated graphene
regions will reduce the resultant modulation. For this reason it is expected that as the
spot sizes become significantly less than w, they may produce diminishingly lower pulse

amplitudes.

5.3 Picosecond pulse emission by biased graphene switches

5.3.1 Experimental setup

The configuration for the generation of picosecond pulses from graphene required some
small modifications from the detection scheme and is shown in Figure 5.9. The Keithley
source-meter was applied directly across the graphene strip and the lock-in amplifier was
connected to an LT-GaAs detection probe. To ensure the DC bias did not affect the

detector switch, the PGL connecting from the graphene to the detection switch was
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Figure 5.9: Configuration of experimental apparatus used to measure a pulse
generated by graphene. The LTA switch is connected to the lock-in amplifier
and the bias is applied across the graphene sheet.

always connected to ground. Other than the connections to the electrical apparatus, the
devices used for the measurements remain the same as the previous section, with no

further modifications required.

5.3.2 Results and discussion

The application of LT-GaAs as a photoconductive material for emission and detection
is useful since it would allow complete on-chip terahertz devices to be fabricated without
extra semiconducting materials. In Section 5.2 the photoconductive properties of
graphene as a detector were presented as the key method of detection. These principles
are reinforced in this section which discusses graphene as a generation mechanism for
pulses. It is found that although pulse generation is possible, the comparatively low
“dark” resistance of the graphene (4 k) creates very large DC currents that produce
much more shot noise in comparison to LT-GaAs. For the measurement apparatus used,
this restricted the maximum applicable voltage to 0.4V and therefore limited the
resulting detected signal. Very conservative bias voltages were chosen as to not damage
the device under room temperature operation. It was found that currents less than
100 pA did not cause resistance fluctuations, were proven to be very stable, and

demonstrated effective pulse generation.

Terahertz pulses generated by graphene and detected by LT-GaAs as a function of DC
bias voltage are shown in Figure 5.10 (a). The amplitude was found to scale linearly with
bias voltage, while the FWHM was 3 ps, with no DC offset observed. The oscillations
with period of 4.5 ps are still present. Another important feature of the results is that a
small positive pulse is observed at zero bias, plotted in Figure 5.10 (b), and is summed

with both the positive and negative biased pulses. In the case of pulse
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Figure 5.10: Time-domain plot of the pulse generated at the graphene switch
GO1 and detected at LTA. (a) Pulses generated by graphene with a bias from -
0.4V to 0.4V with an increment of 0.1 V. (b) The pulse shape generated by
graphene when the voltage source is replaced with a shunt to ground.

generation with LT-GaAs, this behaviour is also present but is caused by the photo-
Dember effect where the excited electrons have a faster mobility than the holes,"*"'*

which creates a resultant electrical field under pulsed excitation. However, the band

-20

40 -

Amplitude (dB)

/v
A .

0.0 0.5 1.0 15 2.0

Frequency (THz)

Figure 5.11: Fast Fourier transform of pulses generated by graphene with a bias
of 0.3V and detected by LT-GaAs. The black line is the average of three scans
and the surrounding blue region is the standard deviation.
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Figure 5.12: Plot of generated pulse as the beam polarisation is incremented
from 0-180 © in increments of 20° all results recorded using a 0.4 V bias.

structure of pristine graphene means that the effective mass of electrons and holes is
equal, so the photo-Dember effect is not valid. Photoexcited pulse generation was,
however, reported by Prechtel ¢# a/ for freely suspended graphene and was attributed the
photo-thermoelectric effect and the built-in electric fields that are created when gradients

in carrier concentration are present.40

It was found that a Lorentzian fit of this zero-bias pulse generated by graphene across all
the devices tested can have a FWHM as large as 3.9 ps, but it can also be as low as 2 ps.
The data plotted in Figure 5.10 has a FWHM of 3.2 ps for all biased pulses, but a value
of 2.9 ps when no bias is applied. As the FWHM has a direct effect on the bandwidth of
the pulse, this indicates a similar bandwidth for biased graphene generation as for that of
graphene pulse detection. A longer time window around the pulse was measured to
obtain an increased FFT resolution, and is displayed in Figure 5.11. The lower frequencies
showed low noise levels up to 300 GHz, but the signal did not drop below the noise floor
until 500 GHz. The FFT of other pulses from graphene using different geometries are
consistent with this in terms of bandwidth (within a range of 2100 GHz) even though

the signal amplitude can be up to an order of magnitude smaller.

The effects of polarisation on the pump beam were recorded over a range of polarisations
(Figure 5.12) in order to check if the mechanisms were in any way different to that of the
generation scheme. No difference was observed in the peak amplitude or offset. It should

be noted that the low signal levels produced in the graphene generation technique meant
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Figure 5.13: Pulses generated by graphene and detected by LT-GaAs over the
range of powers from 1 — 8 mW in increments of 1 mW for a bias of 0.4 V. The
inset shows the maximum amplitude of a Lorentz-fitting in squares with a solid
line as a guide to the eye to the region of linearity.
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Figure 5.14: FWHM (a) and integrated area (b) of the fitted curves as a function
of power for 0.4 V and 10 mW laser power at the LT-GaAs detection switch.

that OC-THz-TDS scans are much noisier for comparable scan time constants and

velocities using the graphene detection methods.
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When investigating graphene detection in the previous section, a non-linear variance with
power was found. In graphene generation, a similar response was found and the results
are shown in Figure 5.13. Parameter fitting to each of the pulses, generated at varying
powers, indicated that the total time-integrated charge of the pulses scale almost linearly,
as shown in Figure 5.14 (b). These results show that as the power is increased, the total
number of hot-carriers that are generated also scale linearly, but the increased carriers in
the conduction band slows the cooling rate. In a practical sense, this may limit the
potential of graphene at much high powers, when using the same conditions of this
experimental setup. However, the initial doping level of the graphene in these
measurements is also relatively high, and it is possible that devices with lower carrier

concentrations may demonstrate much better performance at higher powers.

5.4 All-graphene THz generation and detection devices

The picosecond pulse generation and detection in graphene so far in this chapter was
demonstrated in conjunction with LT-GaAs due to its excellent signal to noise properties,
and so that it could be used as a benchmark for comparison of results. However, if
graphene is to be used as a replacement of GaAs in high bandwidth electronic devices,
demonstration of simultaneous pulse generation and detection graphene must be shown

on the same device. This section reports the first step to achieving this goal, and in
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Figure 5.15: Experimental device configuration for measurement of pulse
generation and detection using graphene. (a) Device D3. Generation and
detection at opposite ends of a 50um graphene strip, where the circles at GO1
(GO2) represent laser alignment for generation (detection) beams. Au contacts
and graphene are 9 pm wide, the distance from GO1 to GO2 is 50 pm. (b) Device
D5. A conventional “input” pulse configuration with 6 potential illumination
locations (A to F). The width of Au and graphene is 30 pm, while the separation
from A to C was 40 pm.
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particular discusses the autocorrelation of ultrafast laser signals in two graphene devices,
one in the cross-geometry device discussed already, with the other being a pair of

switches joined by a 30-um-wide PGL.

5.4.1 Experimental setup

In order to measure pulses using all graphene on-chip systems, two separate experimental
systems were setup as shown in Figure 5.15. Each system was used in two configurations,
the first being for measuring autocorrelation of the graphene’s carrier dynamics, where
both beams were aligned to GO2 on device D3 (Figure 5.15 (a)), or position F on device
D5 (Figure 5.15 (b)). Both the pump and probe beams were chopped so that they could
be aligned to the location of maximum photocurrent, a bias was applied for a source-
meter and the grounds on the centre contact of D5 had to be disconnected. A
transformer was required in each measurement to allow high current DC bias without
overloading the input of the lock-in amplifier. The second configuration was designed to
try and detect an “input” pulse by creating spatial separation between the generation and

detection beams. This allowed the pulse to propagate a small distance through graphene
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Figure 5.16: Autocorrelation measurements of graphene on two geometries
using a 110 fs FWHM laser pulse. (a) Correlation measurement for GO2 on the
X-shape geometry for a 50 pA bias. (b) and (c) are the DC offset and amplitude
of the peak as a function of bias. (d), (e) and (f) are the same measurements
repeated at position F on the rectangular geometry.
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or metal before being detected. For device D3 this required the pump beam at GO1 and
the probe beam at GO2. In device D5 the generation switch configuration was tested at
A, B and C, and the detection switch location was aligned to D, E or F. The locations A
to I are each defined by the photocurrent generated at that location, where A, C, D and
F are positions of maximum DC magnitude. The locations B and E are positions of zero

DC offset current.

5.4.2 Results and discussion

In order to measure the carrier dynamics of the graphene and verify the THz-TDS system
was operating correctly, the intrinsic response time was measured for each of the
experimental devices using the autocorrelation techniques described in Section 2.2.3.1.
Each device was measured for a range of bias currents, where the full scans at 50 uA are
plotted in Figure 5.16 (a) and (d). Furthermore, the amplitude and offset values for each
bias current is shown in Figure 5.16 (b), (c), (¢) and (f) are also plotted to show the
dependence of autocorrelation scales linearly with applied current. The DC offset signal
is also observed to scale linearly but a non-zero intercept at zero bias current is also
apparent. This corresponds to the photo-thermoelectric current generated at the
graphene/metal interface producing a bias current of its own. The non-locked-in DC
signal was also measured to evaluate to total level of optical modulation that is applied.
As graphene is a gapless semiconductor and, in these devices, had a DC resistance of
~750 Q/0, the on/off ratios were not expected to be very high. The modulation caused
by the optically chopped signal was found to be less than ~0.1 % of the biased DC signal,
using a combined illumination power of ~20 mW. The FWHM of the peaks are ~350 fs
and the shape is caused by saturation of carrier generation and occurs when the first pulse
pumps the carriers out of their relaxed state and the second pulse arrives before all the
carriers in that area have fallen back into equilibrium. In ideal experimental conditions,
the peak is symmetrical as both pulses hit exactly the same spot with the same power and
at the same angle. However, these measurements were taken with two beams that each
pass through a different set of optics, each therefore hitting the graphene at slightly
different angles and, hence, asymmetrical features are seen at +200 fs. Therefore, exact
values of carrier lifetime for graphene in this configuration cannot be precisely
determined, but an estimate of the time where most carriers return to a relaxed state lies

between 1 — 2 ps.
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Figure 5.17: Scan of low amplitude signal detected at position D and generated
at position A using a -200 pA bias. The black line is the average of 5 scans and
the surrounding blue region is the standard deviation.

Although correlation measurements of the graphene were useful to understand the
carrier dynamics, they were also used to calibrate the scan window to try to observe if
simultaneous pulse generation and detection was possible. In device D3, bias currents up
to £250 pA were used. The photo-modulation of these resulted in locked-in currents of
134 nA, although no clear pulses was seen, even when using a large number of averages
and long lock-in time constants were used. Device D5 allowed a greater level of flexibility
in terms of the range of measurements that were possible, and every combination of
generation position (A, B and C) with detection position (D, E and F) was attempted
using a range of bias currents up to 2 mA, where the best signal obtained is plotted in
Figure 5.17. Although small features were noticed at the expected positions after 5 or
more averages, these were very small in relation to the noise of the measurement and it
was determined that these could simply be caused by weak correlation of the beam across

the centre conductor.

A possible method for increasing the dark resistance of the graphene, and potentially
improving the measurement sensitivity, is to partially damage it, so that sheet resistance
is increased. This was attempted with device D5 by placing it in an oxygen plasma asher
for 1 minute at 50 W, but this proved to be too long and damaged the graphene so that

it would not conduct at all.
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5.5 Conclusion

The application of graphene as a terahertz photoconductive detector has been
demonstrated in this chapter at operating frequencies up to 600 GHz. The results were
obtained by using a standard system for measuring L.T-GaAs on-chip THz devices with
no special modifications required other than the graphene switches under test. The DC
photocurrent mechanism was attributed the photo-thermoelectric effect and was used as
the primary method for aligning the beam to known locations on the device. The
photoconductive mechanism was discussed and comparisons of frequency response,
pulse profile and amplitude with respect to LT-GaAs were given. The possibility of
residual LT-GaAs in the region was also ruled out through Raman spectroscopy, with

further evidence to be presented in the next chapter.

The operation of graphene as a photoconductive emitter was also presented where pulses
were generated under applied voltage biases of 0.4 V. The pulses were detected by LT-
GaAs and also produced a small pulse with no applied voltage due to the photo-
thermoelectric effect and built-in fields at the junction. Similar pulse generation in
graphene has been reported in the literature under zero applied bias,” but the addition
of bias voltages here has significantly improved the amplitude of the signals that can be

measured.

Pulse detection and generation using only graphene was also attempted. The pico-amp
pulse generation, low photoconductivity modulation of graphene and high dark current
all made the recovery of the signal difficult, even with high sensitivity lock-in techniques
and filters. Nonetheless, the results on autocorrelation of signals contained in this chapter
indicate that the concept should be possible and further independent investigations for
optimising pulse generation and detection respectively, could pave the way for complete

OC-THz-TDS systems that do not require I1I-V semiconductors.

These results show much promise for graphene’s future in high-speed and THz
electronic applications, especially due to the relatively low cost and less demanding
fabrication techniques in comparison to LT-GaAs. However, the understanding and
performance of graphene THz photoconductive devices require improvements before
they can be widely used. One possibility for future work would be to investigate
graphene-based pulse generation as a function of carrier concentration. This, however,
could be rather difficult, owing to the screening effects that would be introduced by the
proximity of conductive gating material such as Si or ionic gels, typically used to achieve

different concentrations.
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Chapter 6: Spatially resolved pulse detection using graphene

6.1 Introduction

The on-chip graphene pulse detection methods discussed in the previous chapter
focussed on a single detection position, where the probe beam generated the largest
negative photocurrent across the graphene. This was done to allow accurate and
repeatable alighment and, hence, a direct comparison of the results was used to build an

understanding of the mechanisms at work.

In this chapter, the properties of few-picosecond pulses detected by graphene are
presented as a function of probe beam position. It is expected that by spatially resolving
the pulses across the detection region by scanning the NIR probe beam position, would
provide information on how the graphene interacts with the terahertz (THz)
electromagnetic radiation over sub-mm distances. In addition, these measurements may
also determine which components of the switch design influence the pulse detection
properties, allowing for more efficient designs in the future. One- and two-dimensional
scanning was used with three different device geometries. The first, a rectangular
50 um X 9 um switch, showed enhanced detection properties immediately after the
graphene/metal interface, and displayed dispersion across the short propagation
distance. The second and third devices terminated the planar Goubau line (PGL) in the
radial centre of a semicircle (100 pm and 200 um respectively) in order to explore the

pulse dynamics without the influence of an opposing PGL contact.

LT-GaAs pump beam Graphene probe beam

Z
/l;Y
X

XYZ Stage controller

Figure 6.1: Schematic of the experimental setup used for mapping pulses
detected by graphene that were generated by an LT-GaAs switch. The 60-pm-
long and 9-uym-wide graphene strip overlaps the Au by 5 pm at each side of the
50-pm-long PGL gap.
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6.2 Linear results

6.2.1 Experimental setup

The work presented in this section was conducted to determine the linear properties of
pulse detection across graphene. Provisional measurements were taken using the setup
discussed in Chapter 5 by scanning the probe alignment mirror along the graphene strip
area. Although variations in pulse properties were found, there was no way to accurately
determine the absolute position of the beam on the graphene area, thus how this related
to the geometry of the device. To achieve this, the experimental configuration shown in
Figure 6.1 was used instead, in which the device D4 (design SG-50) was directly mounted
to a computer-controlled 3-axis linear translation stage with a 10 mm range in each
dimension and a resolution of 125 nm. The 10x NIR objective lens was aligned to be
parallel with the Z direction and focus of the optical probe beam to the graphene/metal
interface was conducted manually using joystick control. All further measurements were
conducted by measuring a THz scan and then incrementally stepping the motion in the

Y-direction.

The stage was capable of computer control using proprietary software. However, this
was unnecessary as the pump beam had to be aligned to the LT-GaAs switch for every
measurement. Therefore, all measurements were recorded and positioned independently
which placed a practical limitation on the resolution that could be achieved. It was found
that the stages used for X and Y control were not calibrated precisely, and required
correction factors to scale the position readout to the features on the device. Drift of the
stage over time was determined not to be an issue as the stage was cycled multiple times
between the two graphene/metal interfaces, at which the current was most positive and
most negative; the signal measured at each of these positions remained constant,

indicating negligible stage drift over time.

6.2.2 Measurement techniques

Each of the measurements of this setup used an LT-GaAs excitation switch with a pump
beam of 10 mW, 24 um spot size, and a DC bias voltage of +30 V. The graphene probe
beam was chopped at 2.8 kHz, and a 1 mW average optical power was focussed into a
spot size of 5.5 um (determined by knife-edge measurements). To record the spatial
variation of the OC-THz-TDS measurements, the stage/device was moved in the Y
direction relative to the graphene probe beam. For each stage position the pump beam
had to be manually aligned to the LT-GaAs, and the photocurrent measured by the

Keithley source meter was thus the same for each measurement.
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6.2.3 Results and analysis

Each of the time-domain scans recorded the DC offset, generated by the photo-
thermoelectric effect, ’ and the AC signal, that contains the THz information. The data
collected for a straight line traversed between the nearest graphene/metal interface
(0 pm) and the furthest (50 um) is shown in Figure 6.2 (a). To calibrate the stage, the
known positions of the two graphene/metal interfaces were used as a reference. A DC
photo-thermoelectric current, measured by a lock-in amplifier, was generated when the
beam was aligned to each of the interfaces, and was found to be negligible elsewhere.
The change in Y position the graphene/metal interfaces was known to be 50 um, and
the software readout indicated a distance of 104 um. Therefore, a scaling factor of 0.48
was applied to all subsequent measurements. In addition to accounting for errors in the
calibration, this value also accounts for any scaling caused if the sample was not mounted
exactly plane-parallel to the movement of the stage. However, for these measurements
this contribution was considered to be negligible, since the alignment angle of the beam
from 90° to 80° relative to the sample could only contribute a ~2 % change in the

position readout, which would be difficult to resolve in the measurements.

The DC component, relative to the generation switch, was positive for the closer
graphene/metal contact and negative at the further contact. If the interface is considered
to be a point like photocurrent source, the profile of the peaks would be expected to be
Gaussian with a FWHM of 5.5 um due to the profile of the illuminating beam. The fitted
Gaussian FWHM for the peaks at 0 pm and 50 um are calculated to be 4.4 = 0.2 um and
7.2 £ 0.3 um respectively. The variation of these values is expected to be from a
combination of factors including the spatial resolution of the scan (2.6 um), beam

diffusion within the ~1 um thick S1813 and reflections from the back of the substrate.

To plot the parameters in Figure 6.2, a Lorentzian peak fitting algorithm was performed
on the data obtained at each location. The pulse shape, shown in Figure 6.3 (a), has
oscillations immediately after the peak that did not fit the Lorentzian function and, hence,

only the range from —17 ps to 4 ps was used.
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Figure 6.2: The Lorentzian fitting parameters used to model each detected
pulse across the 60-um-long graphene region. The spatial resolution of the
measurements was 2.6 pm. The plotted parameters include DC offset and peak
pulse amplitude (a), FWHM (b), the area of each pulse (c), and the relative
arrival time the peak amplitude (d).
A comparison of the DC offset alongside the pulse amplitude is shown in Figure 6.2 (a)
where the AC peak pulse amplitude did not occur precisely at the metal interface, but
instead ~5.2 um away. At this beam position, the full energy of the laser was focussed

onto the graphene which is located immediately next to the metal contact. The larger

amplitude is because the conductivity of the illuminated graphene above the gold contact
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is insignificant in comparison to the high conductivity of the gold. Therefore, it does not

alter the total current through the system under illumination. This means that almost the
entire contribution of the AC signal is a detected by the graphene above the quartz
substrate.

The higher pulse amplitude observed 5.2 um from the interface is also expected to be
caused by the contrast of strong THz field confinement at the metal edges, and the lower
confinement towards the centre of the graphene sheet. This is because the current flow
is not only dependent on the conductivity of the graphene, but also on the electric field
across the illuminated graphene region. To illustrate the enhancement of pulse amplitude
close to metal features, time-domain pulses measured at locations 0 um and 5.2 pm, with
the DC component removed, are shown in Figure 6.3 (a). The lower amplitude pulse was
detected at the neatrest graphene/metal interface and the other is the location of
maximum pulse amplitude. This measurement was repeated using a larger spot size of
24 um, shown in Figure 6.3 (b). In each case, an increase in pulse amplitude was seen by

moving the probe laser from the interface to the inner edge of the contact, increasing by

5.5 um spot size 24 um spot size
1.2 1.2
a) Interface b) Interface
I Inside edge I Inside edge
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Figure 6.3: A comparison of pulses detected at the interface and inside edge of
the nearest graphene /metal interface, with DC offsets removed. (a) 5.5 pm laser
spot size (ImW power). The black line was measured at the interface and the
red line is measured 5.2 pym away, towards the centre of the graphene. (b) 24 pm
laser spot size (10 mW power). The blue trace was measured at the graphene/
metal interface and the green trace is measured towards the centre of the
graphene. No measurement stage was used so the pulse was aligned to the
maximum pulse amplitude.
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~40 % when using the smaller spot and by ~65 % when using the larger spot. The
enhanced effect on the larger spot can be explained by considering the change in
magnitude of the field across the spot size, where a larger spot size leads to a large change

in field.

The peak amplitude of the pulse gradually decreases across the length of the graphene
channel. Upon first inspection this was thought to be caused by the total field strength
decreasing as the detection location moved further away from the metal edge. However,
in addition to pulse amplitude, the shape of the pulse also changed as a function of
position. This indicated that although the peak field strength changed, the time-averaged

field strength may not.

The FWHM and integrated area of the pulse are shown in Figure 6.2 (b) and (c)
respectively. In a large region between the metal contacts, as the pulse amplitude
decreases, the FWHM increases proportionally so that the total charge of the pulse
remains the same. This is expected to be because the two metal PGL contacts act as a
parallel plate capacitor, where the field lines across the switch are parallel. This would
cause a frequency dependent phase change to be induced along the gap, causing a
broadening of the FWHM. However, this explanation does not take into account that
the pulse may be coupled to the graphene. In this case, confinement to the graphene
would cause strong resonances (Fabry-Pérot) at the interfaces unless the characteristic
impedance of the graphene and metal PGL were exactly the same. The only oscillation
that is observed is that of probe arm at 220 GHz, as discussed in Section 4.3. It should
be noted that the characteristic impedance for each material in this PGL configuration
cannot be calculated (as discussed in Section 2.3), it is highly unlikely they would be
similar due to the drastic differences between the Au and graphene properties. The
FWHM data that occurs before 0 um and after 50 um are seen to deviate from the trend
of the other fitted data. This is, in part, is owing to the small signal-to-noise ratio at the
edge (~18dB) compared to the centre of the graphene (~48 dB), affecting the
convergence of the resultant fit, although the offset and pulse amplitude are still very

close to that of the original pulses.

A further method to determine whether the graphene was acting like a transmission line
is to calculate the pulse propagation velocity by measuring the arrival time at each
location. If the pulse propagates along the graphene with a slower velocity than that of
free space propagation, an approximate value of the modified relative permittivity, €,
can be calculated. The peak position, as measured across the length of the strip, is shown

in Figure 6.2 (d). The pulse travels ~33 um in a time of 1 ps, corresponding to a velocity
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of 33 X 10°m s™. It is expected this value may vary slightly from errors caused by the
relatively small propagation distance and the realignment of the pump beam for each
measurement. The angle of the pump beam to the surface of the device was ~30° from
the surface and corresponded to a laser path reduction of 25 pm over a 50 pm movement
range. In terms of an optical pulse travelling in free space, this accounts for a time
difference of —83 fs from the reported value for the far contact in Figure 6.2 (d) and
would only slightly raise the pulse velocity to 36 X 10° m s™. If the graphene was acting
as a transmission line, this would represent an effective permittivity of 70 (using equation
2-4) which is significantly higher than the values reported in literature, indicating that it

is unlikely to be acting as a transmission line.

6.3 Semi-circle device results

To understand the pulse propagation dynamics near graphene with an alternative switch
configuration, the device shown in Figure 6.4 (a) was fabricated. The geometry of the
device consisted of a single pair of LT-GaAs switches that generate a pulse into a 500-um-
long PGL, where it is terminated at the radial centre of a graphene semi-circle. The
circumference edge of the graphene is contacted by a gold ground plane. The motivation
for looking at this geometry was to enable study of the terahertz field detection in two-

dimensional space as the pulse propagates away from the PGL/graphene interface. A

a)

Graphene region

Graphene region

Figure 6.4: The device geometry used for detecting pulses in a semi-circle
region of graphene as used for 100 pm and 200 pm (pictured) radius devices. (a)
The schematic of the entire device where the edge of the grey box is
4 mm X 4 mm. (b) A micrograph of the fabricated device where the lighter blue
region is the graphene/S1813 and the representative switch locations are shown
as red spots. The distance from G0 to GR, GT or GB is ~200 um. (c) A higher
magnification of the 9-um-wide PGL contacting the graphene/S1813 region,
with the edge of the S1813 shown in red.
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larger semi-circle graphene region was used, rather than a rectangular strip of graphene
as discussed in Section 6.2, as this was expected to allow a clearer observation of the
terahertz field by making the distance between contacts larger, and imaging the variation

with beam as a function of probe position.

Since the devices used in this chapter had only one pair of LT-GaAs switches, rather than
two pairs either side of the graphene region, the opportunity was taken to fabricate the
graphene switch in an area where no LT-GaAs had been transferred. This differed from
previously mentioned devices as each of the graphene regions were fabricated on an area
of the device where LT-GaAs had been transferred and etched away. Although Raman
spectroscopy of these devices validated no trace of GaAs residue to be found in these
etched regions, the semi-circle devices took an extra step to ensure this was correct. This
was conducted by etching a single LT-GaAs rail at the edge of the transferred material
(<500 pm) and marking the quartz substrate to indicate which side the graphene switch
should be fabricated on so that it is clear of the etched LT-GaAs region. The fabrication

steps then proceeded as described in Chapter 3 and Section 5.2.1.

6.3.1 Experimental setup

This section presents data collected from two similar devices and using two different
OC-THz-TDS systems. The first device used a semi-circle with a 100 um radius and was
tested on the same OC-THz-TDS system, as discussed in Chapter 4. The second device
used a 200 um radius semi-circle, which after characterisation on the original OC-THz-
TDS system, was tested using a second system that added the capability of mapping each
optical beam via computer control. This system was significantly more versatile for OC-
THz-TDS pulse mapping, where the pump and probe beams were coupled to fibre optics

that could be independently scanned across the switches of the device.

The mapping system, illustrated in Figure 6.5, used a 70 fs pulsewidth, 80 MHz pulsed
Ti:Sapphire laser centred at ~780nm to drive an OC-THz-TDS setup where the pump
and probe beam were independently coupled to 10 m long solid core silica optical fibres.
The ends of each fibre were mounted in fibre ferrules which were connected to a set of
piezoelectric translation stages, enabling independent control of the position of each
optical beam. Both beams were focussed onto the device using a single optical lens. The
advantage of the mapping system is that the translation stages had been configured to
work with the THz-TDS software and had the ability to programmatically map THz
pulses in across a designated region. The piezoelectric control system was open-loop and
was controlled by an “attocube” motion controller and interfaced to a computer via

GBIP connection. Other than the XY control of the pump and probe beam, the only
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Figure 6.5: Experimental schematic of the mapping OC-THz-TDS system. The
grating dispersion compensator (GDC) was used to negatively chirp the pulse
to balance the dispersion from the fibre optic waveguides.

functional difference in the path of this system over the previous system is the fibre
optics and the grating dispersion compensator (GDC), which resulted in a 130 fs pulse
width at the device. The GDC gratings were found to be power sensitive and caused
expansion and contraction oscillations when a combined laser power larger than 7 mW
was used. This caused a time varying alignment to all subsequent optical components and

so the powers of the beams were limited to 3.5 mW each.

6.3.2 Measurement techniques

For the measurements that required mapping of THz pulse detection using graphene,
only the probe beam was scanned under automatic operation and the pump beam
remained fixed on the LT-GaAs. The scanning XY stages required calibration as the
open-loop operation meant that position feedback was not possible. Piezoelectric motion
stages do not move by equal magnitudes in forward (positive voltage) and backward
(negative voltage) motion. Therefore, a correction factor was calculated independently
for positive and negative voltages in X and Y to ensure that the beam would return to its
starting position before the next line was scanned. This was done by scanning the known
features of LT-GaAs and incrementally changing the correction factor to reduce skewing
of the photocurrent image. Some of the results still display slight skewing as it was not

practical to calibrate the correction factor every time the resolution was changed.

6.3.3 Results and analysis
The geometry of the semi-circle device consisted of some key changes to the previously

discussed devices in this work. In order to measure the device in the fibre optic system,
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the device was required to fit in a 5 mm X 5 mm recess of a ceramic chip package. This
meant that parasitic regions were much shorter, decreasing the intrinsic resolution of the
device in the frequency-domain determined by reflections from bonding pads. On the
other hand, an advantage of this design over the previous geometry is that the probe arm
geometry was modified so that Fabry-Pérot oscillations were not produced, and allowed
a more sensitive detection of resonances or reflections. The “input” pulse and the pulse
detected by graphene are shown in Figure 6.6. As this device only had one pair of LT-
GaAs switches, the pulse velocity measurement technique discussed in Section 3.2.5
could not be used. An approximation of the velocity can be made from the “input” pulse
reflection at the PGL/graphene interface, located 500 um away, which arrived ~6 ps
later. This corresponded to a velocity of 1.66 X 10° m s which was consistent with

previous measurements using the same 9-um-wide PGL geometry.

As the power of the scanning system was limited to 3.5 mW per beam, each device was
first evaluated in the non-scanning OC-THz-TDS system using 2 mW pump and probe
beams. The characteristics of each device varied and allowed different measurements to
be performed on each device. The 200 um device performed optimally at lower powers
due to better LT-GaAs switch properties. This meant that lower time constants could be
used and scan times were lower, factors that were very important when recording

thousands of different detection locations. The 100 um device produced very weak

Normalised amplitude (a.u)

Time (ps)

Figure 6.6: Pulses generated by LT-GaAs and detected at the “input” (red) and
by the graphene switch at GO (black). The features after 25 ps originate from
the bond pads of the device.
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pulses at 2 mW powers. At higher powers, however, the smaller graphene region allowed

good graphene pulse detection properties across the entire sheet.

Pulses detected by graphene using the 100 um device were measured at key locations
across the graphene sheet, as shown in Figure 6.4. The pulses detected at five points of
the 100 um radius graphene semi-circle on the are shown in Figure 6.7, where the inset
of each pulse scan shows the approximate detection location indicated by a red spot.
Each position was located by moving horizontally or vertically away from position GO.
The top (GT), bottom (GB) and right (GR) locations were determined by aligning to the
most positive DC photocurrents found at the metal interface, and the middle location

(GM) was determined to be approximately half way between G0 and GR.

Each of the main pulses differed by amplitude, offset and arrival time of the detected
pulse. The Lorentzian peak fit parameters for each pulse is given in Table 6.1, where the

fit was performed for the values from -8 ps to 2 ps.
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Figure 6.7: Pulses generated by LT-GaAs and detected at 5 locations on a
graphene semi-circle geometry switch. Each time-domain plot is inset with a
schematic of the corresponding detection location. (a) Location GO, the
PGL/graphene interface. (b) The middle graphene region, GM. (c) The right
hand side graphene/metal intetface, GR, horizontally aligned from GO. (d) The
top interface, GT, vertically above GO. (e) The interface, GB, vertically below
GO.
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Table 6.1: Pulse and offset parameters as recorded at 5 locations on a graphene
semi-circle geometry switch.

Location Pulse amplitude DC component Arrival time
(nA) (nA) (A
GO 1.53 -6.67 0
GM 1.46 -0.39 069
GR 0.28 1.01 406
GT 0.17 1.96 218
GB 0.44 2.03 275

The DC component as a function of location shows similar results to those demonstrated
for the straight device in Section 6.2, where the illumination location G0 produces a
negative current and the illumination locations at the opposing contact each produce a
positive current. It is clear that at the location GO the photocurrent was significantly
higher than the locations GT, GR and GB. There are two interesting mechanisms that
must be considered to understand why this is the case. First, when a single edge location
is illuminated (GT, GR or GB), the surrounding non-illuminated areas act as resistive
shunts to ground, reducing the current that flows from the ground plane to G0. e.g. If
the location GR is illuminated, current will flow from here towards all metal edges,
including GT, GB and GO0. Secondly, when each of the circumference locations are
illuminated, a greater total current is expected to be produced to that of GO, as the area
of the graphene/metal interface under illumination by the 24 um beam is also larger. The
net effect is that a larger initial current is created under illumination at the edge in
comparison to GO, although the proportion of the current that is measured by the lock-

in is lower, owing to the resistive effects of the non-illuminated graphene regions.

The time of flight for the pulse across a distance of 100 pm from GO to GR corresponds
to a velocity of 2.46 X 10° m s™. If correct, this would indicate very weak confinement of
the pulse across the graphene region, results which do not reflect the response seen for
the straight device. It is also calculated, however, that the same process applied to location
GT would result in a velocity of 4.58 X 10° m s”" which is cleatly incorrect. A closer
inspection of the Lorentzian pulse fitting showed that although amplitude and offset data
could be accurately reconstructed, the exact pulse shape was complex and changed
slightly at each location, potentially shifting pulse centre parameter. The time at which
the highest current was produced was subsequently investigated, and also returned
similarly erroneous velocities. As the propagation distance is small in comparison to the

wavelength of the pulse, a small amount of noise had significant effects on the location
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of the centre of the pulse. This was a major motivation for conducting later
measurements which used the 200 um semi-circle device to reduce the measurement

€rrofr.

The width of the pulse was found to be 3.2 & 0.2 ps for each of the scans, which is typical
in comparison to the values for graphene detection throughout this thesis. However, the
same pulse broadening as a function of distance, seen in Section 6.2, was not observed.
Another unique feature of these results is the features observed at —9 ps at all locations
and the large peak at 25 ps at location GR. What was unique about these features is that
the amplitude varied as a function of detection location and was not linked to any physical
features of the device. It is proposed that they are a result of optical pulse reflections
from the gold at the back of the device. This device was not bonded to the chip holder
using black Apiezon wax, as used in all other devices, but instead transparent PMMA was
used. It is expected that when the beam hits the edge of the metal, it is scattered, travels
through the quartz, reflects off the metallic chip package below and hits the LT-GaAs
“input” switch. The velocity of the optical pulse in quartz (permittivity 3.8) is
1.54 X 10° m s and the shortest reflection path possible is 1.12 mm equivalent to a time
of 7.46 ps. As the probe beam must occur in advance of the pump beam to account for
the propagation delay, this would be seen at —7.46 ps on the time-domain plot. This,
however, assumes that the thickness of the PMMA is negligible, which explains why the
full 9 ps advance in time is not accounted for. The relative permittivity of PMMA can
vary from 2.8 to 4; if, for convenience, a value of 3.8 is also chosen the PMMA thickness

must be 154 um in order to account for a value of ~9 ps.

The amplitudes of each of the main pulses were observed to decrease as the detection
location moved away from the PGL, towards the circumference of the semi-circle. A
further decrease in pulse amplitude was observed when detected at the top region (GT).
This could be expected if the mode formed on the PGL was launched towards the
position GR at the graphene/metal intetface i.e. the PGL operated as a directional
antenna. However, the amplitude of the pulse detected at GB contradicts this as it is
larger than both GT and GR. Changes in the graphene properties at this location were
considered, but the PTE current generated at GT, GR and GB did not indicate any
significant changes to the properties of the graphene, and the values do not correlate with
the pulse amplitude. Alternatively, the pulse amplitude may be larger at the bottom
detection location because the beam illuminated a metal feature, such as the 90° corner
of the ground plane, where enhanced confinement of the field may have produced a

larger pulse.
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Overall, the 100 um device showed a range of unexpected behaviour, including features
at —9 ps, very small variations in pulse FWHM over the length of the graphene, and non-
symmetrical pulse amplitudes between GB and GT. It is expected that almost all of these
characteristics are due to the influence of optical reflections from the rear side of the
device, or variations in the properties of the graphene. All fabrication steps were identical
to the 200 um device, other than the PMMA bonding to the chip package and it is clear

from the results that follow that these behaviours are not replicated.

As a variation in pulse detection at a range of positions was shown to produce interesting
results, pulse mapping on the 200 um device was performed. Before mapping the
terahertz pulses, both the device and the OC-THz-TDS mapping system needed to be
characterised. The device was initially characterised using the same system as the 100 pm
device and the performance was deemed to be better (than the 200 pum device) at lower
powers because of higher SNR switches and black Apiezon wax prevented reflections
from the metal backplane of the chip package. The device was then transferred to the
mapping system where the photocurrent produced by the LT-GaAs switches under zero

bias was scanned to calibrate the piezo stages. Figure 6.8 shows these results, where the
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Figure 6.8: DC photocurrent map of the LT-GaAs switch. The top right contact
was connected to a lock-in amplifier and the centre conductor and bottom left
contact were grounded. The black lines indicate the approximate location of
the metal regions and display some slight skewing.
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approximate locations of the metal centre conductor and switches are overlaid in black.
The level of image skewing can clearly be seen in these results and was caused by a
combination of the open-loop control configuration of the stages and the different
voltages required to produce equal forward and reverse step sizes in the piezoelectric

motors.

As each scan resolution required independent calibration, two resolutions were chosen
corresponding to ~1 um for small areas and ~5 um for larger areas. Further results in
the chapter have all been plotted in terms of distance based on these figures for clarity.
However, the lack of features to calibrate the piezoelectric stages means that these are

estimates of scale in each case.

The DC photocurrent map for the graphene region is shown in Figure 6.9 and was
recorded using a ~5 um resolution and with a 2 mW beam. The red region in the middle
indicated the location of the PGL/graphene interface (GO0), which produced a current of
650 pA. The darker blue semi-circle to the right of this is the graphene/ground plane
interface produced a current of approximately —120 pA. It should be noted that for this
measurement the lock-in was connected directly to the PGL on the left and hence the
DC polarity was inverted relative to the previous measurements of this chapter. The
location GR, to the right of GO, displayed photocurrent that was a similar level to the
background of the rest of the device, potentially indicating defects in the graphene quality
or poor contact to the metal in that region. The OC-THz-TDS measurements were
recorded at discrete locations across the device but the only detectable pulses were
recorded near to the location GO. The reason for this is attributed to the lower laser
powers that had to be used in this system and, hence, the signal was unable to be detected
above the background noise levels, even with high levels of averaging. This limited
measurements of factors such as propagation velocity, which was one reason this 200 um
device was fabricated, however, mapping of the GO region with a high resolution still

produced some notable results.
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Figure 6.9: DC photocurrent map of the graphene semi-circle switch. The area
GO0, producing the largest photocurrent is indicated in red and the
circumference of the graphene/metal contact produced negative photocurrent,
in blue.

The DC offset component for the region around GO is shown in Figure 6.10, where a
full time-domain scan was taken for each pixel using a ~1 um step calibration. For each

scan location the DC current was determined by averaging the first 15 data points of the
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Figure 6.10: High tesolution DC photocutrent map of the PGL/graphene
contact G0. Each data point is the average value of 15 measurements.
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time-domain scan. An area of 30 X 100 pixels in X and Y was recorded to focus on the
key pulse detection locations whilst keeping scan times to a sensible limit. The scan took
65 hours to complete using a 60 V bias at the LT-GaAs switch, and the time window
measured only the DC background level, rising edge and peak pulse amplitude. Each
individual row was found to have a Gaussian distribution of DC current from left to
right. In order to obtain an estimate of the beam profile, a point-like current source and
Gaussian beam profile was assumed. The FWHM was 7 um for column 30 and 30 um

row 15, which indicated an elliptical beam pattern.

To plot the pulse amplitude information, each pulse was fitted to a Lorentzian curve and
the height parameter was mapped to every pixel. This information is plotted in Figure
6.11. In general the pulse amplitude as a function of position looks very similar to the
DC offset data, but the key difference is that the location of peak pulse amplitude is 8 pm
further toward the graphene region. This increased pulse amplitude was observed
previously in the straight device where the largest pulse amplitude was 5.5 um away from
the PGL/metal interface. However, unlike the straight device, the pulse amplitude
beyond this point decays much faster, at the same rate of the DC photocurrent, and is
almost undetectable 40 pum away from the PGL/graphene interface. If the confinement

of the graphene is very high, a pulse amplitude relationship proportional to 1/t would be
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Figure 6.11: The pulse amplitude as detected by graphene at the location GO.
All pulses were generated by a 3.5 mW beam at a switch bias of 60 V and
detected using a 3.5mW beam on the graphene. The amplitude was determined
by a Lorentzian fit of the pulse shape and all values are taken from the same
measurement set as Figure 6.10 and, hence, are directly comparable.
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expected for a pulse moving away from the centre of a semi-circle of graphene, where r
is the radial distance from the PGL. As this is not seen, negligible confinement is

expected; where the amplitude of the pulse would decay proportional to 1/t

This now opens the question of why the pulse was seen clearly across the 50 pm straight
device, but not the 200 um device. First of all, differences in fabrication across each of
the three devices may change parameters such as LT-GaAs switch efficiency and
graphene carrier concentration. As the “input” pulse and PTE effect are of a similar
magnitude in each device, this is not considered to be the reason why the pulse is not
detected across the 200 pm span. Therefore, it is proposed that pulse detection is not due
to the confinement of the pulse to graphene but predominantly to the confinement of
the field between metal features of the device, where the total length between these
features determines how much field is present to drive the electrons across the

illuminated region of graphene.

Another important factor in the ability of each of these devices to detect a pulse, which
would specifically inhibit the detection on the semi-circle devices, is the degree to which
the modulation of photoconductivity varies with as a function of distance away from the
PGL area. When the pulse illuminates the PGL interface, it has the effect of changing
the resistivity analogous to a variable resistor in series with a static resistance. As the pulse
moves away from the centre, the analogy changes to a variable resistor in parallel with an
increasingly large static resistance. This decreases the magnitude of photoconductive
modulation as the detection spot moves away. In all, the number of variables that change
as a function of location for the semi-circle geometry makes it a very complex system
which creates more questions than answers in the early stages of investigation into

graphene pulse detection.

To complement the pulse amplitude information, the area of each pulse from the
Lorentzian fitted data is plotted in Figure 6.12, using the same data set used for the offset
and amplitude figures above. Anomalous data that did not show satisfactory convergence
is illustrated as a grey pixel, where black and white pixels are data points that exceed the
negative and positive limits of the colour scale respectively. The rate at which the
magnitude decays away from the centre follows a close relationship to the amplitude data,
indicating that negligible dispersion is introduced in the relatively small scan region

measured.
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Figure 6.12: The integrated area of each of the pulses detected around the
region of G0. The grey pixels represent values that did not converge to a

satisfactory level and returned anomalous values. Also taken from the same data
set as 6.10 and 6.11.

Two-dimensional mapping of picosecond pulse detection by graphene was measured was
to gain an understanding of the influence of the switch geometry on the pulse detection
properties. The data has shown that the area immediately next to the PGL/metal
interface (GO0) is the ideal location for optical sampling as it creates the greatest
modulation of the measured current. The non-illuminated areas of the graphene act as a
parasitic load to the signal and, ideally, should be minimised wherever possible. With this
being said, graphene regions that are smaller than the spot size would not harvest the
optical energy efficiently, and may be difficult to align to as the PTE current from either
side of the switch will cancel out. Therefore, from the data collected in these
measurements, it is hypothesised that the best detection switch geometry is a square
graphene channel with the dimensions equal to the FWHM of the optical beam.
However, graphene switches that are oriented perpendicular to the terahertz field, in the
same manner as the LT-GaAs, have not been investigated, and may reveal improved

signal properties.

6.4 Conclusion

Across all of the devices discussed in this chapter, the only consistent responses were

seen in the DC offset and pulse amplitude which are detected near the end of the
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PGL/graphene interface; and that the maximum pulse amplitude is produced slightly
further away that the region of maximum DC current. These similarities are thought to
be due to the same PGL dimensions used throughout and similar properties of the
graphene itself. Where the devices differ in the performance as the detection position is
further away from the end of the PGL line. It was discussed that this would be caused
by the profile of the graphene changing relative to the spot size as well as the level
confinement of the electric field to the metal features. The acceptable values found for
pulse velocity across each span of graphene varied from 33 X 10°m s to 2.46 X 10° m s°
', but doubt is shed on the accuracy of these results based on the fact that across some

spans of graphene velocities in excess of the speed of light would be required.

The 50 um straight device allowed observation of pulse detection across the entire length
of the graphene strip, displaying attenuation, pulse broadening and a gradual increase in
arrival time as the pulse moved away from the nearest graphene interface. In the 100 pm
semi-circle device pulses were also detected across the entire sheet all the way to the
circumference of the graphene. Some of the measurements of this device displayed
position dependent features in the time-domain that were attributed to optical pulse
reflections from the back of the device. A 200 pm semi-circle was than fabricated using
black Apiezon wax to remove these reflections and, after initial testing in the non-
scanning setup, it was tested in the piezo stage scanning OC-THz-TDS system. Although
the DC component of the signal was observed at all metal/graphene interfaces, no pulses

were detected anywhere other than the central PGL/graphene interface.
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Chapter 7: Conclusion and future work

7.1 Conclusion

This thesis presents studies of the interaction between graphene and terahertz frequency
electromagnetic radiation. The work presented contributes to a deeper understanding of
the picosecond time-scale carrier dynamics of graphene. On a technological level, the
work demonstrated new techniques for the incorporation of graphene with
semiconductor photonic switches on low permittivity substrates. The main conclusion
reached is that graphene has the potential to be an important tool in the future of some

terahertz device applications, and particularly for terahertz detection.

The design and fabrication techniques adopted several new engineering decisions to
increase the device yield, and also to reduce electronic failure during testing. Chapter 3
described the operation of the testing system and the measurement techniques used
throughout the thesis. Examples of these techniques were provided for a range of LT-
GaAs growth temperatures to illustrate what properties are important when developing
a terahertz photoconductive switch. Raman analysis of graphene was used to characterise

the devices developed throughout the thesis.

Demonstration of terahertz pulses traveling through adjacently aligned graphene
channels found that a large proportion of the signal change was due to the changes in
terahertz waveguides. By modulating the graphene with optical pulses, the differential
signal could be obtained, removing the cross talk and interference from the rest of the
high frequency resonances. It was shown that on-chip optical pump terahertz probe
measurements of graphene did not out-perform similar free-space systems used in
literature. However, the same picosecond timescale carrier dynamics were observed,
demonstrating the potential of graphene to operate at frequencies beyond that of many

other semiconductors.

By generating pulses with LT-GaAs and optically sampling the graphene region in
Chapter 5, outstanding high frequency photodetector properties were demonstrated
where the carrier lifetimes were of the same order of magnitude as LT-GaAs. Graphene
terahertz pulse detection was demonstrated to be capable of resolving frequencies over
600 GHz, where the amplitude and pulse width were studied as a function of laser spot
size, laser power and bias voltage. Using the same photo-thermoelectric effect, pulse
generation by graphene and detection by LT-GaAs was also investigated, so opening a

route towards solely graphene-based THz-frequency sensors.
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To obtain a deeper understanding of the operation of the dynamics of graphene THz
detection, mapping of the probe spot location with respect to the THz pulse was studied
in Chapter 6. Measurements along the length of a 50 um long graphene channel indicated
the presence of interesting charge dynamics, particularly in that the charge is conserved
over this length. Phase dispersion was also observed, analysis of which identified the

graphene region closest to the metal contact as the best location for THz field detection.

2D mapping of larger graphene structures emphasised that the strength of the electric
field and an even coverage of the sampling beam onto the width of the graphene channel

are both very important factors in the operation of graphene THz detectors.

The main limitations of this work was that there was insufficient time to study these
effects as a function of the more fundamental properties of graphene — including its
behaviour in magnetic fields, electric fields, and at lower temperatures. These were either
limited because of the timeframe of the project, or because of concerns for the
interaction of the terahertz radiation with the materials needed to implement them.

However, routes towards these investigations are discussed in future work in Section 7.2.

Opverall, the work presented in this thesis supports the argument that the fast carrier
dynamics of photoexcited carriers realised in graphene could be useful in a number of
THz frequency applications. At present conventional semiconductor materials are being
pushed to their limits in attempts to utilise the terahertz “gap” and the results presented

here pave the way for graphene-based on-chip terahertz sensors.

7.2 Future work

The most progressive direction that this work could take would be to investigate the
feasibility of an all-graphene on-chip terahertz device. This work was partially undertaken
in Section 5.4 but a more in depth investigation would require iterative steps towards
improving the generation and detection efficiency. If this type of device could be shown
to operate with cheaper, longer wavelength (1.55 pm wavelength) femtosecond lasers, a

disruptive leap in the set-up cost of OC-THz-TDS systems could follow.

As the higher field confinement of on-chip terahertz systems has demonstrated
reasonable signal to noise ratios, additional work could also be conducted into developing
graphene components for FS-THz-TDS systems. Graphene terahertz detectors were
briefly attempted at earlier stages of this project, although no pulse was measured. Since
then, a deeper understanding of the detection mechanisms have been developed and

documented in this thesis, which will hopefully be of use to future measurements.
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In order to obtain a more fundamental understanding of the carrier dynamics in
graphene, similar THz spectroscopy measurements to those of Chapter 4 could be
repeated under low temperature and under magnetic field. By doing this, studies of edge
magnetoplasmons could be conducted in graphene with increased temporal resolution,

supporting and expanding upon existing results in the literature.

Finally, it is suggested that measurements if the dependence of carrier concentration on
THz pulse generation or detection could be measured. From the outset of this project
the field effect manipulation of carrier concentration could only be conducted using a
universal back gate, which would screen most of the THz radiation, or via a localised top
gate, which would require fabrication techniques not available in the time-frame of the
project. This could reveal tuneable dynamics of the graphene such as tuneable plasmon

resonances or Pauli blocking.
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