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SCHOTTKY ENHANCED PHOTO-DEMBER TERAHERTZ EMITTERS
by Paul C. Gow

The unique properties of terahertz (THz) radiation make it useful for application in the
field of imaging. The use of THz time-domain spectroscopy (THz-TDS) systems for the
identification and characterisation of various materials is becoming more widespread,
with this technology being applied in industry, security and scientific research. The
common method for generating THz in commercial TDS systems is through the use of
photoconductive antennas (PCA’s). These are semiconductor-based devices capable of
generating several uW of power. PCA’s require an external bias to generate a strong
electric field across a small electrode gap. However, the high fields generated cause

electromigration of the electrode metals and can result in damage to the antenna.

This thesis investigates the lateral photo-Dember (LPD) effect; a method of generating
THz radiation from a semiconductor without the need for an applied electrical bias. The
LPD effect relies on the difference in mobilities between electrons and holes to create
opposing dipoles parallel to the semiconductor surface. The selective suppression of
dipoles formed underneath a metal mask due to reflection then introduces the asymmetry

required for observable THz radiation.

In this thesis the generation mechanism behind the LPD effect is investigated using 1D
and 2D models, as well as the effect of the presence of a metal mask to suppress dipoles.
The output from LPD emitters is enhanced through multiplexing and two different
designs are investigated and fully characterised. The novel double-metal multiplexed
emitters are then used to demonstrate THz beam shaping and focusing through control

of the optical pump beam and a lensless THz-TDS system is proposed.
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Chapter 1

Introduction

The motivation for the work presented here is to study the mechanism of generating
high signal-to-noise (SNR), single cycle, broadband terahertz (THz) emission from
superposition of multiple THz wavefronts generated in a partially masked semiconductor.
In this thesis the generation mechanism is explored theoretically through computation.
Modelling shows superposition of multiple wavefronts to provide enhanced emission.
Multiplex emitters based on my simulations are fabricated and characterised. These
devices are developed further to enhance their THz output and improve alignment
parameters, and are fully characterised and shown to be comparable to commercial
emitters in both bandwidth and SNR whilst being more durable and easier to fabricate.
Devices fabricated on graphene monolayers are tested and compared to semiconductor
based emitters. Finally the possibility of beam steering with these devices has been
characterised by THz wavefront manipulation through control of the optical pump beam.
Circular emitter structures designed to produce radial THz polarisation profiles were

also explored.

In this chapter I give a brief discussion of THz science and technology and its
applications. I explore the different methods for the generation and detection of THz
radiation, with detailed focus given to the THz time-domain spectrometer (THz-TDS),
its function and uses. This chapter also contains a history and explanation of the lateral
photo-Dember (LPD) mechanism for the generation of THz, the primary mechanism
used for all of the work presented here, and the contributions of my research group to
discover the underlying mechanism behind this effect. Finally, I outline the contents of
this thesis.

1.1 The terahertz gap

The THz gap refers to a region of the electromagnetic spectrum which is sandwiched

between the far-infrared and microwaves (figure 1.1). It gains its title from the frequencies

1
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Figure 1.1: diagram showing the location of the THz region in the electromagnetic
spectrum.

that it spans (typically 0.1 to 30 THz) and the fact that, for many years, it remained
largely unexplored. The THz spectrum encompasses wavelengths from 30 pm to 3 mm
and energies in the range of 40 meV to 0.4meV. Any thermal source emits incoherent
THz radiation. Insight into the formation and decay of stars can be gained through
studying THz emission from interstellar dust, the origin of most of the THz radiation in
the universe [1]. Before the 1970’s THz radiation proved a largely inaccessible region
bridging the gap between electronic and photonic technologies. Conventional electonic
oscillator devices could not function efficiently above ~300 GHz as the devices become
unresponsive due to transistor performance above the cutoff frequency [2]. Semiconductor
based optical devices also struggle to function efficiently as the energy band gap for THz
is small (below 10 meV) compared to the phonon energy of the lattice, and electronic
transitions at room temperature cannot be defined [3]. The difficulties in reaching this

region of the EM spectrum led scientists to coin the term ‘Terahertz Gap’.

Though difficult to access, the THz region holds a great deal of interest for scientific
research and other practical applications. The vibrational and rotational modes of many
atoms exist within this region and many chemical species have strong, unique absorption
lines [4]. This is most evident in gasses — for example water vapour and carbon monoxide
— which have narrow absorption lines in the far-infrared. As many carrier dynamics
occur over picosecond time frames, THz radiation can be used to study the movement of
charges within devices [5]. In recent decades many THz generation techniques have been
explored and developed, increasing our understanding and use of these frequencies and

gradually bridging the THz gap between optics and electronics.

1.2 History

Before the invention of ultrafast optical lasers broadband THz was primarily generated

through thermal sources. These sources produce THz radiation as part of their black
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Figure 1.2: THz-TDS setup incorporating PC antennas for both emitter and
detector. A femtosecond laser beam is split into pump and probe beams. The
pump beam travels via an optical delay line before exciting THz radiation in
the emitter. In this example the emitter is electrically modulated by an external
power supply. The THz field is collimated by a parabolic mirror before being
focussed onto the detector by a second parabolic mirror. The probe beam excites
carriers within the detector which are accelerated by the instantaneous THz
field. The current generated by this is detected by a lock-in amplifier.

body spectrum, however, this emission is incoherent and suffers from a low signal-to-noise
ratio (SNR) [6]. Other sources used for accessing the far-infrared spectrum included
gyrotrons, klystrons and synchrotrons, which were capable of producing megawatts of
power up to 300 GHz [7]. The use of molecular vapour lasers allowed access to coherent
THz sources [8]. Detection was limited to devices such as bolometers and Golay cells,
which are still used for the detection of CW THz. Fourier transform spectrometers were

also used, however they were found to function best for frequencies above 5 THz [9].

With developments in nonlinear optics and semiconductors in the 1960’s due to the
invention of the laser, new fields of photonics and optoelectronics were born. Shorter
optical pulses were created by investigating new mode-locking mechanisms, and the
modelocked Nd:glass laser was invented. It was this laser that was used by Auston
[10] and Lee [11] in the mid 1970’s for optically pumping photoconductive switches on
Si and semi-insulating gallium arsenide (SI-GaAs). Around the same time two other
groups were conducting research towards generating far-infrared pulses from nonlinear
crystals [12, 13]. As laser pulses grew shorter photoconductive switches could be activated
faster, leading to the generation of 1.6 ps THz pulses by Auston et al., in 1984 [14]. The
pulses generated were then detected by another photoconductive ‘Auston’ switch on the
opposite side of a dielectric slab, thus giving birth to modern THz science. In the same
year Auston investigated nonlinear rectification for generating THz [14] and soon after

demonstrated its use for spectroscopy [15].
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During the late 1980’s and early 1990’s many advances in the field of THz science
were made. DeFonzo demonstrated single cycle THz pulses propagating through air
before detection [16]. Shortly afterwards van Exter et al. demonstrated a system for
pump-probe spectroscopy which would become the typical standard for THz spectrometer
design [17]. The system, based on a synchronous emission and detection scheme, was
similar to that shown in figure 1.2. The pulses from an ultrafast laser were split into a
pump and probe beam. The pump beam was focussed between two electrodes separated
by 5pum fabricated on the surface of a semiconductor, acting as an ‘emitter’. An applied
bias was used to accelerate the carriers generated by the pump pulse, creating a dipole
parallel to the material surface which radiates on a picosecond time scale [18]. The THz
pulse generated is focussed by a sapphire lens onto a collimating parabolic mirror. The
pulse is then focussed onto a second, unbiased ‘detector’ antenna by another parabolic
mirror and sapphire lens. The probe pulse from the laser is directed onto the ‘detector’
antenna in the same manner as the pump pulse is aligned onto the ‘emitter’ antenna.
The carriers produced by the probe pulse are accelerated by the THz field present at
that moment. As the laser pulses and carrier lifetimes are much shorter than the THz
pulse the carriers in the detector antenna see the THz as a DC field. By measuring the
current produced in the detector antenna it is possible to deduce the strength of the THz
field at that time. Delaying the optical pulse which excites the THz pulse by way of a
mechanical delay line allows the THz field variation with time to be measured. Electrically
gating the emitter allows for a lock-in amplifier to be used to enable detection of these
small signals. Later that year van Exter et al. used pulsed THz from photoconductive
switches to perform time-domain spectroscopy on water vapour and measure its spectrum
[17]. The MBE growth of low temperature gallium arsenide (LT-GaAs) led to the
improvement of photoconductive switches, with large mobilities for fast carrier lifetimes
tailored by the growth process. The invention of the self modelocked Ti:sapphire laser in
1991 [19] (which could produce pulses below 100 fs) helped the spread of THz research.
Research continued towards increasing the detectable bandwidth range, with Wu et al.
demonstrating detection with a flat frequency response over an ultrawide bandwidth
with nonlinear crystals [20].

In the succeeding years THz science and technology has developed and matured. The
work accomplished in these early years led to the development of the terahertz time-
domain spectrometer, a system still commonly used for research and commercial purposes.
These systems offer a high SNR and, as the electric field of the THz pulse is directly
measured, can also provide phase information which gives THz-TDS a major advantage

for spectroscopy. Today THz technology is employed in a wide and varied range of fields.
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1.3 Applications

The unique properties of THz allow it to find uses in applications ranging from security and
spectroscopy, to art conservation and research [21]. At these wavelengths many materials
such as ceramics, plastics and clothing exhibit low absorption, allowing THz technology
to be used for security and quality control. With many materials exhibiting a unique
THz absorption spectrum, integrating this technology with time-domain spectroscopy
(TDS) has provided an accurate detection method for illicit materials as well as a useful
tool for scientific research. The THz spectrum spans energies in the region of 1 to 100
meV, meaning that THz radiation negates the ionisation risks that more energetic rays
pose. Coupled with high absorption by water and the fact that these energies are close
to the vibrational modes of organic molecules, THz finds applications within biological,

medical and pharmaceutical sciences.

1.3.1 Medical applications

There is a vast amount of existing imaging techniques in medicine, including; magnetic
resonance imaging (MRI), optical tomography and X-ray imaging. However, many of
these systems have shortcomings such as running costs, resolution limitations or safety
issues. The non-ionising properties of THz radiation mean that it is safe and can be
used for a multitude of biological applications [22]. Though THz is strongly absorbed by
water it can penetrate up to several millimeters of biological tissue if there is low water
content or little fat tissue present. THz imaging has been used for the in—vivo study
of human skin tissue, obtaining tomographic information and mapping the hydration
content of the samples [23]. Reflection scans of human skin have shown it is possible
to differentiate between scar tissue, healthy and diseased skin, allowing detection of the
spread of skin cancers [24]. The use of THz in 3D dental imaging has also been studied
[25]. This allows the measurement of enamel thickness on teeth and the identification of
subsurface features. This method is non-destructive and negates the need for invasive
drilling or the health risks associated with dental X-rays.

Many chemical and organic species also have intermolecular vibrations within the THz
range which can be observed [26]. THz spectroscopy can also identify different chemicals
and polymorphic structures — different crystalline structures of the same chemical —
which can have very different physical and chemical properties. Classification of these
polymorphs is important for health and pharmaceuticals. Most techniques involve X-ray
diffraction or Raman spectroscopy for measurements. These processes usually require
large crystalline structures or can, in the case of Raman spectroscopy, induce phase
changes during the measurement. As THz is non-destructive and does not induce phase
changes it is a valuable tool, and has developed for the analysis of pharmaceutical tablets.
On the surface the quality and thickness of pill coatings can be monitored [27], not only

for quality control purposes, but for tailoring the dissolution of the pills surface for drug
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delivery [28]. THz systems are also able to generate 3D images and gather spectroscopic

information for the identification of chemical structures.

1.3.2 Security

Materials such as paper, plastic, ceramics and clothing exhibit low absorption to THz,
making it ideal for security applications. THz radiation can be safely used in airports
and public spaces for scanning due to its non-ionising nature. There are now mm-wave
full body scanners installed in some airports for detecting weapons and illicit materials,
but these devices have raised concerns about privacy [29]. The unique absorption spectra
attained from different materials through THz spectroscopy allow for the identification
of many compounds which may appear similar at visible frequencies. This technology
is now used for the detection and identification of drugs and explosives for matters of
security. Companies such as Fraunhofer IPM have released THz products which can scan
mail to identify the contents of a package or envelope without opening to determine if it
is safe [30].

1.3.3 Quality control

The transparency of certain materials at THz frequencies have also allowed applications
in non-destructive testing and quality control. These technologies have been employed in
industry to monitor production processes from pipe extrusion to the quality of coatings
on medicines. THz imaging has been used to inspect the foam insulation used on space
shuttles for defects and is now part of the routine checks carried out [31]. Probing carrier
dynamics with THz has proved useful for inspecting devices such as solar cells, nano-
materials and films, as well as determining the doping levels of various semiconductors
[32-35]. With the production of large scale graphene sheets, THz is proving a useful tool
for exploring carrier properties such as mobility, density and scattering time in CVD
grown graphene, as well as finding the DC sheet conductance [36]. THz is exceptionally
good at characterising multiple thin films and has been demonstrated as a useful tool for

the quality control of thickness and drying in paint deposition [37].

1.3.4 Information and communication technologies

Current wireless technologies tend to operate in the region of 2.5 to 5.9 GHz. To cope
with the growing data requirements of the 21% century driven by the smartphone market,
technology must keep pace [38]. The high carrier frequencies of the THz range make it an
ideal candidate for supporting telecommunication growth in the future as it would allow
for faster data transfer rates. The major hurdle to overcome is the high absorption of

THz by water. The combination of using powerful THz sources to combat losses caused
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by water vapour in the air and operating away from the absorption lines could provide
efficient and reliable wireless data transfer. Recent developments have demonstrating
wireless data communication at a rate of 100 Gbit s~! over a range of 20m [39]. Fibre
linked wireless systems have achieved speeds above 400 Gbits s~ with world record
setting bandwidths [40].

1.3.5 Other applications

THz has proved a useful tool for studying the cosmos, as most thermal sources emit in this
region as part of their black body radiation. Results from the NASA Cosmic Background
Explorer (COBE) Diffuse Infrared Background Experiment (DIRBE) indicated that 98%
of photons emitted since the Big Bang fall into the submillimeter and THz region of
the EM spectrum [41]. Further astronomical study has used the detection of cosmic
THz radiation to investigate interstellar dust as well as the atmospheres of planets and
small-bodies such as asteroids, moons and comets [6].

The scope for application of THz technology in medicine, security and quality control
is vast. However, standard spectroscopy setups have limitations in their functionality
for everyday use. In 1995 Hu et al. demonstrated the first THz imaging system [42]
where full spectral information for each image pixel is possible. Over the last two decades
advances have been made in developing stand-off THz cameras for non-invasive, short
range imaging. Many of these devices involved the use of a quantum cascade laser (QCL)
as the THz source to provide high power emission and a detector such as a bolometer
to read the signal [30]. Current systems are capable of producing real-time, 3D images
[43] and have been developed to a point where they are compatible with modern CMOS
based detectors [44].

In the art world THz can be a useful tool during the process of restoration. Over time
paintings must be restored and preserved to prevent their deterioration. During this
process it is important to make an analysis of the original materials and techniques used
in the painting to retain the authenticity and any previous restoration work must be
identified. Many tools such as X-ray fluorescence, IR spectroscopy and photographic
examinations have been used to study paintings but either prove to be limited in detail
or potentially damaging [45]. THz radiation has been demonstrated as a non-destructive
method [46], able to reveal details about the paint layers, materials and can even be used
for tomography of the painting through raster scannning. As canvas was expensive artists
would often paint over previous or unfinished work to save money. Hidden paintings can

be revealed by THz scanning techniques, as well as damage and forgeries [47].
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1.4 Generating terahertz

There are now many methods for generating radiation within the THz region. Some
of the more common and widely used methods of THz generation are explored in this
section, with a strong focus on sources for use in THz-TDS. Typically such sources
emit below the background level present due to thermal sources, however synchronous

detection allows for high SNR in spectroscopic applications.

1.4.1 Photoconductive antenna

The most common THz generation technique for TDS comes by way of the photo-
conductive antenna (PCA) [48-50], a type of Auston switch [14]. These antennas
typically consist of a grown semiconductor material with metallic electrodes separated
by a few microns deposited on the surface, illustrated in figure 1.3. To generate THz
emission a potential difference is applied to the electrodes to establish a strong electric
field across the antenna gap. An ultrafast laser is used to excite carriers within this
gap, which are then accelerated by the applied electric field. The carriers are quickly
recaptured by defect trap sites and through recombination. This process of generation,
acceleration and recombination of charge carriers occurs over the time range of a few
picoseconds, leading to the emission of broadband THz radiation spanning the range of
100 GHz to 3-4 THz. The semiconductor substrate and the laser used are codependent,
as the photon energy of the laser must be above the band gap of the semiconductor
to sufficiently generate carriers. Most commonly gallium arsenide (GaAs) substrates
are used alongside a Ti:sapphire laser operating around 800 nm wavelength, though
sometimes InAs based substrates are used in conjunction with 1.5 um laser systems as
this material has a lower energy band gap [51]. There has been a great deal of research

dedicated towards creating the most efficient electrode design, including dipole, bow-tie

A PAve

Terahertz
60 fs

Pulse
Laser Pulse \I

Figure 1.3: Photoconductive antenna. The incident laser pulse excites carriers
which are accelerated by the potential V. The resulting charge separation causes
dipole emission of THz frequencies.
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and strip line designs [18]. Some recent designs to emerge have involved interdigitated
arrays capable of producing high power THz radiation [52, 53], as well as electrodes
enhanced by plasmonic structures [54]. Signal-to-noise ratio (SNR) is a measure of the
ratio between the power of the signal being measured and that of the background noise.
Due to the high SNRs achievable, this technology has seen much transfer from research
to the real world, with companies such as Teraview, Gigaoptics and Menlo developing
and manufacturing commercial PCAs and using them in their systems. These antennas
are commonly used in systems such as THz-TDS due their generation of synchronous

THz pulses and ability to be used as emitters or receivers.

1.4.2 Quantum cascade lasers

Since its introduction in 1994 [55] the Quantum Cascade Laser (QCL) has seen many
advances in waveguide design and lattice structure, allowing higher operation powers and
temperatures especially in the THz range [56]. A QCL is a semiconductor super-lattice
structure consisting of repeating periods of coupled quantum wells (QWs) which are
grown, or deposited, on the surface of a semiconductor substrate. Unlike conventional
semiconductor lasers, QCLs typically do not involve a transition of electrons from con-
duction band to valence band. Instead they rely on intersubband transitions; transitions
between quantised energy states within one energy band. This means that emission
can be easily tailored by controlling the width of the QWs. Instead of electrons being
pumped into a higher state in order to decay, electrons propagate down a ‘potential
staircase’. An example of this staircase gain structure can be viewed in figure 1.4. The
electron transitions from the upper radiative state (3) to the lower radiative state (2),
emitting a photon. It then quickly transitions to the upper, ‘collector’ miniband state
(1) before undergoing intra-miniband scattering, allowing the electron to relax to the
bottom of the minibands making it readily available for injection into the next active
region. With transition lifetime 739 > 791, this creates the population inversion necessary
for lasing. As a result of this method of transport, the gain recovery time relies heavily
on the transport delay between active regions as electrons transition through the injector
regions [57]. This has no analogue with conventional semiconductor lasers. Coupled with
other effects, such as tunneling and phonon assisted scattering, the gain recovery time
is incredibly fast and of the order of a few picoseconds. This is typically an order of

magnitude less than the cavity round-trip time [58].

Another important aspect of QCL design is the waveguide. The semi-insulating
surface plasmon (SI-SP) waveguide design involves the growth of a thin, heavily doped
layer between the active region and the semi-insulating substrate. This results in a surface
Plasmon mode which is bound to the top contact and the lower n™ layer. The mode does
extend into the substrate, but free carrier loss is minimal due to the small overlap with

the doped region. In order to almost completely confine the mode, a metal layer can be
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Figure 1.4: An example of the staircase band structure of a QCL with a potential
applied to it. Transition 3—2 is the optical transition. Transition 2—1 is the
fast depopulation to the miniband in order to create population inversion.

placed directly below the active region. This forms the metal-metal (MM) waveguide
where strong mode confinement can allow for smaller dimensions, reducing the size of
the structure to sub-wavelength proportions. The MM waveguide QCLs also exhibit
higher operating temperatures than SI-SP designs [59]. However, these devices suffer
from impedance matching between the waveguide modes and free propagating modes,
leading to enhanced facet reflectivities and smaller threshold current densities. As such,
MM QCLs show fairly low output powers (a few mW compared to a few 100 mW) and
poor beam patterns with the output beam diffracting almost omnidirectionally from the
facet, though techniques such as plasmonic structures [60] and coupling into waveguides
[61] have sought to eliminate this problem. QCLs exhibit high output powers in the
THz region, with recent endeavours leading to powers of over 1 W [62]. These sources
are typically CW or have very high repetition rates. Time-domain spectroscopy (TDS)
requires synchronous THz sources and current research has leaned towards using QCLs

as amplifiers for photoconductive sources to achieve this [63, 64].
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1.4.3 Optical rectification

The optical rectification of a sub-picosecond laser pulse by a nonlinear crystal is another
popular choice for THz emission. Yang et al., first observed far-infrared radiation from
LiNbOs which was generated by picosecond pulses from an Nd:glass laser [13]. THz
generation in electro-optic materials when excited by femtosecond optical pulses allowed
the use of Ti:sapphire lasers and could produce large amplitude, coherent emission
[65]. Optical rectification is analagous to electrical rectification, where an AC current is
converted to a DC bias, and stems from the materials second order susceptibility x(.
For nonlinear crystals to produce observable THz emission their crystal orientation and
length must be taken into account. Due to refractive index differences the generated
THz and the optical pulse will experience a group-phase velocity mismatch and seperate
spatially as they propagate through the crystal. Certain crystal lengths must be used to
prevent destructive interference of the THz. Due to this thin crystals allow for larger
bandwidths than thicker crystals, though have a lower output power. Optical rectification
has also been observed in metals, where ultrathin percolated Au films on glass produced
enhanced THz emission [66]. The pulsed nature of the THz emitted from these devices
coupled with a bandwidth often larger than that from PC antennas makes these ideal for

synchronous and frequency sensitive applications such as spectroscopy.

1.4.4 Difference frequency generation

CW or pulsed THz emission can be generated through the photomixing of optical
sources. CW-THz was first reported by Brown et al. who used a photoconductive
emitter illuminated by two CW, frequency offset lasers [67, 68]. This technique, coined as
‘optical heterodyne’, offers the advantage of wide tunability determined by the difference
frequencies of the two lasers used. It is even possible to cause photomixing with dual
and multimode lasers [69]. The priciple behind this method relies on the interaction
of two optical sources operating at different frequencies to create a beat frequency of
intensity. If the resulting optical beat is incident on a material that can respond to the
average optical intensity then emission at this difference frequency will be observed. By
controlling the frequency separation of the sources the beat frequency can be tuned to
the THz range. Recent work in developing a bimodal semiconductor laser for pumping
has allowed CW-THz emission from a plasmonic photoconductive antenna to be tuned
from 0.15 to 3 THz [70]. Difference frequency generation has been applied within QCLs
for THz generation, where the laser was engineered to support two wavelengths and
difference frequency generation was performed intracavity [71]. The disadvantage to
this technique is the low conversion efficiency of the pump laser powers to THz power.
Pulsed emission from this technique allows for synchronous detection and spectroscopy

applications, whereas the CW emission can be used for imaging.
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a semiconductor. Photogenerated carriers are accelerated within the depletion
region by the built in electric field.

1.4.5 Surface emitters

Broadband THz pulses can be generated from semiconductors after ultrafast excitation
of carriers close to the surface. The carriers produce surge currents on the timescale
of picoseconds. There are primarily two different mechanisms responsible for suface
emission, surface field emission and the photo-Dember effect [72, 73]. The first, surface
field emission, is where carriers are accelerated by a surface field created through band
bending (figure 1.5). In a semiconductor the electrostatic potential is homogeneous
throughout but changes near to the surface. Impurities formed during growth can allow
surface charges to form, and a depletion region is created within the semiconductor to
neutralise the surface charge. This space-charge region causes a band bending effect near
to the semiconductor surface resulting in an intrinsic electric field. When carriers are
generated in this region after photo-excitation they are accelerated by the intrinsic field.
The ultrafast surge current generated by the formation, acceleration and recombination
of photo-excited carriers perpendicular to the material surface generates THz emission.
The polarity of the emitted THz can be controlled by changing the doping of the

semiconductor, and therefore the direction of the surface field [74].

For excitation photon energies which exceed the material bandgap the photo-Dember
(PD) effect dominates over surface field effects [75, 76]. The PD effect is the emission of
radiation resulting from the diffusion of carriers within a semiconductor without the need
for an external bias [77-79]. When the semiconductor is illuminated with electromagnetic
radiation of energy above that of the band gap, carriers are excited beneath the surface
and then diffuse into the material. In materials such as GaAs the diffusion coefficient
of the electrons is typically in the range of an order of magnitude larger than that of
the holes so that they diffuse faster, creating a charge separation [80]. The electrons

cannot diffuse past the semiconductor surface, thus the charge separation formed is
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Figure 1.6: Diagram of THz generation from the photo-Dember effect. An
ultrafast laser pulse generates carriers near the semiconductor surface. Electrons
diffuse into the material faster than holes due to their higher mobility, creating
a dipole perpendicular to the material surface (shown as a green arrow). The
transient dipole radiates at 90° to its direction creating observable THz at 45°
to the semiconductor surface.

asymmetrical and produces a dipole perpendicular to the material surface (figure 1.6).
The time scale of the radiation is determined by material properties, such as the electron
and hole recapture lifetimes and recombination lifetime. For GaAs and similar substrates
this is in the region of a few ps, thus producing THz frequency radiation [81]. Doping
concentration and screening effects also play a role in the strength of THz emission
observed [82]. THz generated by surface effects are limited in power in relation to that of
a PC antenna. Another issue is that surface effects generate dipole emission parallel to
the semiconductor surface which can pose outcoupling problems. This can be partially
addressed by positioning the semiconductor surface normal at an angle with the incident
beam, allowing some emission parallel to the direction of the beam [50, 83]. This emission
can also be enhanced by rotating the dipole with external magnetic fields, though the
magnetic field required to do so exceeds several Tesla and so can prove impractical in
most situations [72]. The THz pulses produced by these emitters can be used with
synchronous detection schemes, however it is also possible to produce CW THz from

these devices using photomixing.

1.4.6 Other techniques

There are other exotic techniques for generating THz, including emission from gold
nanospheres [84], ferromagnetic films [85], nanorod arrays [86] and emission through

ambient air-plasma generation [6, 38].
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1.5 Detecting terahertz

1.5.1 Photoconductive antenna

As well as providing emission, PCAs can also be used for synchronous detection of THz
radiation in TDS. Detection works on the reverse principle of the emission mechanism
except without an applied electrical bias [87]. Upon illumination from an ultrafast pulse,
carriers are generated within the material. If a THz field is incident on the material then
it can accelerate the photo-generated carriers. As the laser pulse and carrier lifetime
are much shorter than the length of the THz pulse the carriers see the THz field as a
DC electric field. The current generated by the movement of the carriers is directly
proportional to the THz field and can be measured across the antenna gap. By varying
the delay between the THz and optical pulses the variation of the THz field can be
mapped out in time. The resulting pulse is the convolution of the THz electric field and
the time dependent conductivity of the PCA detector.

1.5.2 Electo-optic detection

THz can also be detected through the use of nonlinear crystals. Detection is based on
the linear electro-optic, or ‘Pockels’ effect. This is where an external DC electric field
induces a birefringence in a crystal. Figure 1.7 shows an example of an electro-optic
detection scheme for THz. When THz radiation is incident on a nonlinear crystal it
induces a birefringence which varies linearly with electric field. If a probe laser pulse
propagates colinearly with the THz in the crystal then the induced birefringence can
change the polarisation state of the probe pulse. Propagating the probe pulse through a
quarter wave plate and polarising beam splitter before directing it onto a pair of balanced
photodiodes allows the change in polarisation to be measured. The polarisation change
is related directly to the change in birefringence, which is related linearly to the THz

field. Due to the length of the THz pulse in comparison to the optical probe pulse,

EO QWP WP

Photodiodes

Figure 1.7: Nonlinear electro-optic detection technique for mapping THz pulses.
THz beam and IR pump beam are incident on an electro-optic crystal (EO).
The quarter waveplate (QWP) and Wollaston prism (WP) analyse the rotation
of the pump beam polarisation caused by the THz in the EO crystal. A pair of
balanced photodiodes measure this change in polarisation.
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the THz field can be viewed as a DC field giving rise to a change in birefringence. By
changing the delay of the THz pulse the electric field can be mapped out [88, 89]. This
and the previous scheme using PCAs are the most common techniques used for detection

of synchronous THz pulses in spectroscopy.

1.5.3 Thermal detectors

Bolometers are highly sensitive devices for radiation detection. These devices consist of
an absorbing element connected by a thermal link to a low temperature reservoir. Any
change in temperature caused by radiation incident on the absorber changes the electrical
resistance of the absorber. This change in resistance can be measured and is directly
proportional to change in temperature, and therefore the amount of power incident on
the absorber. By applying appropriate filters to their input aperture it is possible to use
them for the detection of THz. Due to their sensitivity, bolometers usually require liquid
helium temperatures for operation as at higher temperature thermal noise overpowers
any signal [90, 91]. These devices are large, bulky objects which limit their usefulness
in a laboratory environment where space is usually at a premium. There are smaller,
uncooled bolometers available — the Microbolometer — but these suffer from thermal

noise and lack the sensitivity and response of their cooled predecessors [92].

Golay cells are very practical thermal detectors that compete with bolometers for
detection of far-infrared /THz radiation because they are compact and operate at room
temperature. A Golay cell is based on a gas chamber with an IR absorber that expands
under irradiation from IR light. The detection is performed by using an optical read

out system usually based on photodiodes to detect deflection of an optical beam from

Balanced Photodiodes

Absorber ; | Diode Laser
Gas Cell VD l

Figure 1.8: Diagram displaying the basic function of a Golay cell. A laser is
reflected from the surface of a flexible membrane gas cell onto a photodiode. A
reference beam is fixed incident on a second diode. THz radiation incident on the
absorber causes gas within the cell to expand, flexing the membrane. This shifts
the reflected laser beam away from the center of the first photodiode. As the
pair of photodiodes are balanced a change in voltage is measured proportional
to the expansion of the membrane.
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the expanding membrane [93, 94]. A schematic of the Golay cell function is shown in
figure 1.8. As the membrane expands due to heating the optical beam reflected from its
surface is deflected. This deflection of the beam is registered by a balanced photodiode
and displays a signal. Various filters can also be applied to the input aperture to ensure
detection of the target signal. These devices are limited in their range, as the photodiode
area will only allow for limited deflection of the optical beam, and noise also scales with

photodiode area.

Another thermal device frequently used for detection of THz is the pyroelectric
detector. In this case radiation heats a crystal, modifying its structure and generating a
voltage across the crystal. The voltage response is proportional to the radiation intensity
and can be used for measurements. These devices are considerably smaller and cheaper
than Bolometers and Golay cells, have excellent response time and operate at room
temperature. However, pyroelectric detectors are not as sensitive as alternate techniques
and response quickly drops off with decreasing frequency, with poor responsivity to
radiation below 0.1 THz.

1.6 Terahertz time-domain spectroscopy

After demonstrations of the generation, free space propagation and detection of broadband
single cycle pulses with PCAs the field of THz time-domain spectroscopy (THz-TDS) was
born [14]. THz-TDS utilises a pump-probe setup for synchronous detection of THz pulses.
These systems offer a high SNR and, as the electric field of the THz pulse is directly
measured, can also provide phase information which gives THz-TDS a major advantage
for spectroscopy. An example of a typical THz-TDS setup is shown in figure 1.9. Here a
modelocked laser input is split into a pump and probe beam. The pump beam is used to
generate a THz pulse. The THz pulse is then collimated by a parabolic mirror. Such a
system can utilise many parabolic mirrors or focussing lenses to cause the THz beam to
come to a focus. For spectroscopy this allows materials to be placed within the focus
of the THz beam, or anywhere within the collimated parts for characterisation. The
pulse is then focussed onto the THz detector by another parabolic mirror and silicon lens.
After passing a delay line the optical probe beam is used to gate the detector so that
the instantaneous electric field of the THz pulse can be measured. The emitter is either
electrically or optically modulated allowing the detection through a lock-in amplifier.
The distance the probe beam pulse has to travel to the detector must be equal to the
distance the pump beam pulse and generated THz must travel to reach the detector, to
ensure overlap of the pulses for detection. By scanning the delay line it is possible to
build an image of the electric field of the THz pulse in time. Instead of splitting the
output of a single laser into pump and probe beams it is possible to use two modelocked
sources and vary the pulse delay of one source with respect to the other [89, 95]. Such

spectroscopy systems can also be fiber coupled, and it is common to find many THz
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Figure 1.9: THz-TDS setup incorporating four parabolic mirrors. A laser beam
is split into pump and probe beams. The pump beam excites THz radiation
in the emitter. The THz field is collimated by a parabolic mirror before being
brought to a focus by a second parabolic where a sample can be placed for
spectroscopy. The THz is then re-collimated by a third parabolic mirror and
then focussed onto the detector by a fourth parabolic mirror. The probe beam
travels by an optical delay line before being directed on to the THz detector.
By modulating the emitter either electronically or optically a lock-in amplifier
can be used for detection, and moving the delay line varies the time at which
the THz pulse coincides with the optical probe beam pulse at the detector. The
center parabolics can be replaced by THz lenses. The single optical source can
be replaced by two modelocked lasers with variable phase difference between
their pulses to eliminate the mechanical delay line.

spectometers located within boxes for nitrogen purging to diminish the effects of water

vapour absorption on the resulting spectra.

THz-TDS allows for the identification and characterisation of different materials.
Organic molecules have distinct absorption spectra in the THz range, allowing for the
identification of various compounds such as explosives [96] and pharamceuticals [26]. By
placing a sample in the THz beam and performing TDS scans various spectrographic
properties can be identified. Comparing the results with a reference scan it is possible to
see how the sample has altered the THz pulse shape through absorption and reflection
from the sample boundaries. By computing a Fourier transform of the THz pulse any
absorption lines from the sample become evident. Further comparisons with a reference

scan allow the refractive index and absorption of the sample to be computed [5, 97].

THz-TDS has become a valuable tool for the study of ultrafast carrier dynamics
[98, 99] especially in; bulk semiconductors [100], quantum wells and dots [101, 102],
nanoparticles [103], and even in complete devices such as photovoltaic solar cells [32].
It has been used for scanning mail and for determining pigments in paintings for art
conservation purposes [46]. Many companies such as Teraview, Terasense, Menlo Systems

and Toptica have released complete commercial THz spectroscopy systems and they have
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successfully been employed in industry for quality control. THz-TDS has also found use
in the detection and characterisation of multiple thin films, especially for quality control
of paint [37].

1.7 The lateral photo-Dember effect

Surface emitters operating on mechanisms such as the PD effect can be advantageous to
spectroscopy systems as they do not require a bias, allowing for reduction in electrical
noise and simplification of setups. Electromigration in PCAs also limits their lifetime
whereas a passive component would not experience these problems [104]. The issue with
these devices is the difficulty in outcoupling the THz emission due to the direction of the
dipoles formed within the material. Emission is primarily in directions perpendicular
to that of the exciting pump beam requiring the emitters to be angled with respect to
the pump beam, thus limiting efficiency. It is due to these reasons that the high power

PCA’s became the emitter of choice for most spectroscopy setups.

Over time it was realised that a small amount of THz was continuing to be emitted
from some PCAs when there was no electrical bias. Many attributed this to alignment

and some outcoupling of the PD effect at oblique angles. However, researchers from the
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Figure 1.10: A diagram showing the initial carrier distribution near to a metal
boundary in a single LPD emitter and illustrating the theory of Klatt et al.,
2010. The metal masks the Gaussian pump beam to create an asymmetrical
distribution of photo-generated carriers. Klatt states that the increased gradient
in the carrier distribution around x < 0 results in net diffusion of carriers under
the metal mask, shown here as an arrow.
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Figure 1.11: (a) shows the intended wedge pattern and resulting carrier density
described by Klatt. (b) shows a SEM image showing the multiplexed emitters
fabricated by Klatt et al. Thin walls of Al (later photoresist) are deposited on
the GaAs surface. Au is evaporated at an angle to create a set of thin wedges.
The gold does not show linear variation of thickness and also exhibits signs of
percolation. Image used from [106].

University of Konstanz in Germany discovered that the emitted THz varied in response
to the pump beam location relative to the metallic PCA electrodes. In 2010 Klatt et
al. published work which explained that by applying a metal to partially mask the
semiconductor surface and aligning the pump beam spot at the interface between the
metal and semiconductor, THz emission propagating in the same direction as the pump
beam can be observed [79, 105]. The emission was attributed to the formation of lateral
photo-Dember currents forming due to the masking effect of the metal. In the PD
effect carriers cannot diffuse past the surface, causing an asymmetric charge distribution
perpendicular to the surface and resulting in THz emission. The presence of the metal
mask was believed to create an asymmetric carrier concentration parallel to the surface
of the semiconductor. Figure 1.10 shows the carrier concentration generated by applying
a metal mask. Klatt et al. proposed that the lateral diffusion currents generated would
be proportional to the carrier gradient. Carriers would then diffuse underneath the metal
mask producing a dipole parallel to the surface which would radiate in the same direction
as the exciting pump beam. This became known as the lateral Photo-Dember (LPD)
effect.

A greater bandwidth is achieved by the LPD effect as well as greater power output
when compared to the regular PD effect, though still only reaching one tenth the THz
field strengths PC emitters are capable of supplying. This issue can be addressed by
patterning different gold structures on to the surface of the emitter in order to generate
multiple THz wavefronts and produce higher output powers. Based on the carrier gradient
explanation, Klatt et al. multiplexed an LPD emitter by developing a series of three
dimensional wedge shaped gold ridges on the surface of a semiconductor as illustrated in
figure 1.11(a) [106]. This was done by first evaporating a periodic pattern of Al strips
before repositioning the semiconductor at an angle for evaporation of Au. The goal
was to produce periodic wedge shapes which would cause a steeper carrier gradient to

form at the thicker edge compared to the thinner edge, leading to a net dipole and
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Figure 1.12: An image of the two dimensional emitters designed by Duncan
McBryde and fabricated by Anthony Brewer by electron beam lithography. The
emitters were designed based on Klatt’s interpretation of the LPD mechanism.
The failure of these emitters to produce observable THz led to the formation of
a new LPD theory based on the suppression of dipoles due to the presence of a
metal mask.

THz emission. The multiplexed emitters enhanced the observed THz emission but such
structures can prove difficult to manufacture. Figure 1.11(b) shows a SEM image of the
fabricated emitters. The intended wedge shapes were not fully formed, leading to a more
step-like pattern. Other techniques have since developed in order to ease fabrication
of these structures, such as forming a series of photoresist ridges on a semiconductor
and evaporating gold onto the surface with the sample placed at an angle to reduce the

photolithography steps from two to one [107].

1.7.1 Southampton work

Based on the LPD mechanism proposed by Klatt, Duncan McBryde modelled a design of
two dimensional triangular emitters to simplify the fabrication of multiplex devices [108].
The design of the device (shown in figure 1.12) consisted of periodic metal strips with
a staight edge along one side and triangular structure along the opposite side to break
the symmetry of the system and create an asymmetrical carrier distribution. However,
modelling of the electrode pattern showed that the currents formed at each metal edge
were still equal and opposite and so would only generate THz emission in the presence
of an applied electric field. The device was fabricated and tested and found to not
produce observable THz emission. The discrepency between the theory and evidence led
Mark Barnes to develop an alternate theory for the LPD effect [109]. Through further
modelling of the drift and diffusion of carriers within a semiconductor it was shown that
carrier diffusion and recombination could not alone be responsible for a net current and
THz generation. Comparisons with a PCA showed that the THz field from an LPD
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emitter is produced by a current direction away from the metal mask, opposite to that
proposed by Klatt, who stated the radiative dipole is created due to the difference in the
carrier distribution %—]X forming a current direction towards and underneath the metal.
For a finite distribution of carriers (N) the net current (J), and therefore the net dipole

due to diffusion, must always be equal to zero.

J:/OO jdm/oo AN e = NP, — 0. (1.1)

o oo dz

With no net current no lateral net dipole can form and no THz can be generated.
This was demonstrated experimentally in our group by imaging a knife edge shadow on
the surface of a semiconductor to produce an asymmetrical pump spot illumination [110].
If Klatt’s theory was true this asymmetrical illumination would produce an asymmetrical
carrier distribution and the diffusion of carriers would produce THz. The experiment

resulted in no net THz generation and led to the formation of a new hypothesis for the
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Figure 1.13: A diagram showing the dipoles formed in an unmasked semi-
conductor. THz emission is represented by blue arrows with black markers
representing relative phase. Green arrows represent dipoles and their direction.
Photo-generated carriers diffusing perpendicularly into the material create an
asymmetric distribution due to the constraint of the surface. This generates
a typical PD dipole perpendicular to the surface. Carriers diffusing laterally
do so in opposite directions, creating opposing dipoles. THz emission from
these opposing lateral dipoles has a 7w phase difference, leading to destructive
interference and no THz emission perpendicular to the material surface.
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Figure 1.14: A diagram showing the dipoles formed in a masked semiconductor
and the mechanism of the LPD effect. THz emission is represented by blue
arrows with black markers representing relative phase. Green arrows represent
dipoles and their direction. As for the unmasked emitter in figure 1.13 a dipole
forms perpendicular to the surface. Carriers are generated close to the metal
mask and diffuse both away from the metal and underneath it, creating opposing
dipoles. The dipole formed below the metal mask can radiate but the reflection
from the metal gains a 7 phase shift and so interferes with the unreflected
radiation from this dipole, suppressing emission. The uncovered dipole is free to
radiate unsuppressed, as reflection from the semiconductor surface alone does
not result in a 7 phase shift.

generation of THz from the LPD effect based on the inhibition of dipoles due to the

presence of the metal mask.

For a pump beam aligned on a bare semiconductor (figure 1.13), carriers generated are
free to diffuse in all directions. The surface of the semiconductor introduces a boundary
that carriers cannot cross, so an asymmetrical carrier distribution is formed perpendicular
to the surface allowing THz emission parallel to the semiconductor surface. This is the
typical situation of the PD effect. Lateral dipoles also form parallel to the semiconductor
surface, however, they are equal and opposite so any THz emission produced by these
dipoles will cancel out in the far field. For an unmasked semiconductor with the surface
perpendicular to the pump beam there is no net lateral diffusion current and no THz

emission in the same direction as the exciting beam.

In the case of the lateral photo-Dember effect a pump beam aligned along the interface

between a metal mask on a semiconductor will generate carriers in this region. The
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carriers generated by the half-masked laser spot diffuse into the semiconductor material
both away from and underneath the metal edge. The steep gradient caused by the metal
mask creates an asymmetric carrier distribution, shown in figure 1.10. This creates two
equal, opposing dipoles forming close to the metal edge as shown in figure 1.14, resulting
in a zero net diffusion current. Both dipoles can radiate, however the dipole formed
underneath the mask experiences a reflection from the metal. For a wave of amplitude,
E;, incident upon a surface the reflected amplitude (E,) can be calculated with the

relation;

ny — no

E,. = mEZ (1.2)
Where n; is the refractive index of the initial material and ns is the refractive index of
the material from which the wave is reflected. In the case where n; = ns no reflection is
experienced. When n; > no, E, and E; have the same sign and the reflection experiences
no phase shift. For cases where ny < no, E, and E; have opposite signs and the reflected
wave gains a 7 phase shift relative to the incident wave. For THz frequencies the real
parts of the refractive indexes of GaAs and Au are typically 3.4 and ~500, respectively
[111]. For the dipole below the mask its radiation is reflected by the metal surface and
acquires a 7 phase shift due to the refractive index change between the semiconductor
and metal. If the distance of the radiating dipole from the metal is less than the emission
wavelength then the dipole is suppressed [112]. The surface reflection of the uncovered
dipole does not experience this phase shift and so is allowed to radiate freely and emits a
THz pulse perpendicular to the surface (figure 1.14). It is this suppression due to the
presence of a metal mask which allows a net dipole to radiate, and thus is the driving
mechanism behind the LPD effect.

For further computational support I encorporated the drift-diffusion model with a
COMSOL multiphysics model of a LPD emitter both with and without a metal mask
present. This work is presented in Chapter 2 and published in [110]. My model supports
the dipole suppression due to reflection hypothesis, as well as showing that emission in
the direction of the exciting beam can only occur with a metal mask present. Without the
metal mask present a quadrupole emission pattern is observed which does not propagate
perpendicular to the pump beam. A comprehensive computational study of the carrier
dynamics in a semiconductor which lead to THz emission was also produced, employing
both 1D numerical and Monte-Carlo simulations. The results of this showed that, despite
the pump spot size and shape, there will always be no net carrier diffusion and THz will
only be observed in cases were a metal mask is present to asymmetrically inhibit dipoles
[113].

Further experimental work was also carried out. A LPD emitter was fabricated
consisting of two metal masks; one deposited directly onto the semiconductor and one

with an insulating Polyimide (PI) layer deposited between the metal and semiconductor
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to eliminate any contact effects (schematic shown in figure 1.15 (a)). The pump beam
was aligned on each opposing metal edge in turn and the resulting TDS scans are shown
in figure 1.15 (b). This shows equal and opposing TDS traces, revealing that there
are no contact effects between the metal and semiconductor strongly influencing THz
emission, offering further support for the dipole suppression interpretation of the LPD
effect. The dipole suppression theory was then used to design a multiplexed emitter
comprised of periodic Au strips fabricated on the surface of a semiconductor. Aligned
with a cylindrical lens array so that the pump beam was focused on correlated Au edges,
the device showed over five times improvement in the signal obtained when compared
with a single LPD emitter. These devices were characterised and the results are shown
in Chapter 3 and are published in [114].

An in-depth investigation of the effects of pump beam fluence and polarisation on the

THz produced from SI-GaAs and both annealed and unannealed LT-GaAs was carried

@) Gold
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Figure 1.15: Figure (a) shows a schematic of the partially-insulated emitter.
The right-hand metal mask is fabricated directly onto the semiconductor surface.
The left-hand metal mask is fabricated with a PI layer between the metal and
semiconductor to eliminate any surface effects. Figure (b) shows the THz-TDS
traces for LPD emission from each of the metal edges. Both are equal with
reversed polarity due to illuminating opposing metal edges, showing that it is
just the LPD effect contributing to THz emission with no surface effects involved.
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out, with results published in [115]. The results showed that LT-GaAs exhibits a higher
saturation fluence (and therefore higher THz emission) than SI-GaAs, with unannealed
LT-GaAs showing the highest saturation fluence. It was also noted that at high fluences
SI-GaAs based emitters exhibited a flip in signal polarity, which was attributed to the
effects of the metal contact with the semiconductor. This led to the work discussed in
Chapter 4 where the effects of the Schottky barrier between metal and semiconductor
were explored and used to enhance the emission of LPD emitters. A multiplexed emitter
with overlapping double-metal strips was designed to utilise both these Schottky effects
and the LPD effect to produce net THz emission without the need for focusing elements.
This work has also been published in [116, 117].

With no external bias required, LPD emitters are easy to fabricate, demonstrate
improved lifetime and can be integrated with other elements and into existing set ups

with ease.

1.8 Thesis outline

The work presented in this thesis lends support to the theory of dipole suppression in
the LPD effect and describes through simulations and experimental evidence ways of
increasing the THz emission of LPD emitters through multiplexing, as well as exploring
ways to manipulate the emitted radiation.

In chapter 2 numerical and finite element analysis models are used to investigate the
origins of the LPD effect. These models demonstrate the importance of the metal mask
to the THz emission, supporting the theory of dipole suppression beneath the metal.
The results from these simulations have been published in Optics Express [110] and the
Journal of Infrared, Millimeter and Terahertz Waves [113]. Models are also used to
investigate the effect of dipole distance from the metal mask on emission.

In chapter 8 multiplexed LPD emitters are investigated computationally and experimen-
tally. The multiplexed geometry is modelled using the method discussed in chapter 2.
The use of a cylindrical lens instead of an achromatic doublet lens for focussing onto
a single edge LPD emitter is investigated to quantify the difference. Multiplexed LPD
emitters are fabricated and aligned with a micro-lens array to produce a net emission
of THz. These emitters are characterised and found to have similar performance in
bandwidth and SNR to commercial PC antennas whilst boasting over five times the
amplitude of a single edge LPD device. They are durable and easy to fabricate and the
results discussed in this chapter have been published in Applied Physics Letters [114].
In chapter 4 multiplexed emitters consisting of double-metal elements which do not
require alignment with lens arrays are explored. The theory behind their function is
described, exploring both contributions from Schottky effects and the LPD effect, and
the fabricated emitters are fully characterised. The results from the initial fabrication

and characterisation are published in Applied Physics Letters [116]. Different metal
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pairings are compared and their performances at low temperatures are measured. The
results of these studies show these devices to exhibit good THz emission under various
conditions, including at low teperatures and low ambient pressures. These results have
been published in Electronics Letters [117]. The alignment of these emitters is non-critical,
allowing them to act as a drop-in component in any existing THz setup. They remain
easy to fabricate, do not require a bias and offer similar performance to PC antennas.
Chapter 5 explores the beam steering and focussing characteristics of the emitters de-
scribed in chapter 4. By controlling and manipulating the IR pump beam it is possible
to control the emission of THz, directing or focussing the beam as desired. This is useful
in coupling THz directly into waveguides or for building robust, compact spectrometer
systems where no THz beam optics are required. Alternate double-metal structures are
also shown to produce different polarisation profiles of the emitted THz. These results
are currently unpublished.

Finally, in chapter 6 is a summary and conclusion of the work presented in this thesis,

with an outlook towards the future of THz technologies.



Chapter 2

Modelling the lateral
photo-Dember effect

In this chapter the lateral photo-Dember (LPD) effect is investigated using numerical
modelling and finite element analysis techniques. A numerical method is used to model
the generation of carriers within a semiconductor and their movement due to diffusion
and drift. The results from this are then incorporated into a finite element analysis
program (COMSOL multiphysics) to model fully the effect of the metal mask in the LPD
effect. Results from this model support the theory of dipole suppression by reflection
from the metal and are backed up by experimental evidence. The work in this chapter
was done in conjunction with Sam Berry and Mark Barnes and has been published in
[110] and [113].

2.1 Introduction

The LPD effect allows the generation of THz radiation propagating parallel to the
direction of the optical pump beam without the need for an external bias. The LPD
effect was discovered by Klatt et al., and relies on the semiconductor being partially
masked with a metal [105]. When the optical pump is aligned along the metal edge,
THz emission is produced and can propagate in the same direction as the optical pump
beam. THz generated like this is much simpler to outcouple and detect compared to
that generated using the PD effect. The theory behind this effect proposed by Klatt is
demonstrated in figure 2.1(a). The metal partially masks the optical pump spot creating
an asymmetric illumination pattern. This generates a strong carrier gradient close to the
metal edge which allows carriers to diffuse underneath the metal. The mobility difference
between electrons and holes in GaAs based semiconductors allow a charge seperation to

form creating a dipole parallel to the material surface which radiates on a picosecond
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Figure 2.1: Figures showing the opposing interpretations of the LPD effect. In
(a) is Klatt’s theory, where the steep carrier gradient causes a carrier diffusion
underneath the metal mask leading to a net current and THz emission. In (b) is
a demonstration of the theory that there cannot be a net current but the dipole
formed underneath the metal is suppressed by reflection, allowing the exposed
dipole to radiate freely.

time scale. Klatt’s interpretation of this means that the dipole formed under the metal

mask radiates THz.

Work done in Southampton noted that any carrier concentration starting from zero
and ending at zero would be unable to produce a net current. For a symmetrical carrier
distribution this is obvious, as carriers diffusing in opposite directions will, at all times,
produce zero net current. However, this is also true for asymmetrical carrier distributions,
a statement which can be supported by considering the microscopic current distributions
proportional to On./0z. In this case the total current due to diffusion will be equal to
[ (One/0z) dx between a large negative and large positive number. If the initial and
final concentrations are zero then the integral will be equal to zero. A net current can
not be produced by diffusion alone so the metal mask must play a different role to that
interpreted by Klatt [109]. We proposed that carriers diffusing near the metal mask would
produce two opposing lateral dipoles, one formed away from the metal and one formed
underneath. The dipole formed underneath would be able to radiate but any emission
which was reflected by the metal mask would experience a 7 phase shift, resulting in the
dipole under the mask being suppressed. The dipole formed away from the metal would
then be able to radiate freely and would do so perpendicular to the material surface, in
the same direction as the pump beam (illustrated in figure 2.1 b). In our interpretation
of the LPD effect it is the uncovered dipole that radiates, the opposite dipole to that
which Klatt proposed would radiate. To test this theory, a PCA was used to determine
which direction the THz field was oriented before turning off the bias to allow the device

to function as an LPD emitter and record the direction of the field. From this it was
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determined that the THz field for an LPD emitter was oriented away from the metal

edge, lending the first evidence in favour of the theory of dipole suppression [109].

2.2 Numerical drift-diffusion model

A 1D numerical drift-diffusion model similar to that in [78, 82] was created in Matlab
and used to simulate the ultrafast generation of carriers within a GaAs semiconductor.
The model takes into account the carrier generation, recombination and currents due to
drift and diffusion. Carriers in the model are generated within a 1D space from arbitrary
concentrations in both space and time. The generated carriers are free to drift and
diffuse based on the carrier gradient, their diffusivity, mobility and the local electric field.
They may also recombine or become trapped by defects. These calculations are made for
each time step within the simulation. The equation which governs the evolution of the

electron and hole densities, including both electric field and diffusion terms is,

2
One _ b(neny) — e @ (z,t) (2.1)

one 0
(neE) + D, 52 -

ot Mo

where the electron density is ne, the hole density is ny, the electric field caused by differing
carrier mobilities is F and G (z,t) is the optical generation term, determined by the
laser spot shape, size and length. The mobility, u, and the diffusion coefficient, D, follow
the Einstein relation assuming quasi-thermal equilibrium [109]. 71 is the carrier density

lifetime due to recombination via fast traps and b is the bimolecular recombination
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Figure 2.2: Spatial profile of a half-masked gaussian beam. This is the pump
spot profile used in the drift diffusion model to excite an asymmetrical carrier
distribution. The 1/e? spot radius was set to 30 um with the spot modelled
asymmetrically to represent masking.
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Figure 2.3: Normalised spatial and temporal profile of a half masked pump beam
spot of pulse length 100 fs. The 1/e? spot radius was set to 30 um with the spot
modelled asymmetrically to represent masking.

constant for carrier-carrier recombination. A similar equation was used for hole evolution.

D was related to the carrier mobility and temperature, T, through,

Do = teh kb Tep (2.2)
e

The excess energy from the optical pulse means that the transient carriers experience a
steep rise in temperature shortly after photoexcitation. Due to different energy dissipation
rates of electrons and holes, and that the lattice temperature does not noticeably increase,
it is assumed that the holes remain at room temperature [78]. The hot electrons experience
increased mobility, though this is still negligible compared to the mobility change that
would occur through doping [82]. The material properties of LT-GaAs used during the
simulation were taken from [51, 78, 82, 118, 119] and are displayed in table 2.1. The

incident electric

Electron temperature, T, 3000K
Hole temperature, Tj, 300K
Bimolecular recombination constant, b 20 x 10% ¢cm s~ !
Carrier density lifetime, 7 200 fs
Electron mobility, e 8500 cm?V 157!
Hole mobility, up 400 cm?V~ls™!

Table 2.1: Table of properties for LT-GaAs used in the numerical drift-diffusion
model from [51, 78, 82, 118, 119]
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Figure 2.4: Simulation results of the evolution of carrier density for electrons
after excitation by the pump beam profile of figure 2.3.
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Figure 2.5: Simulation results of the time evolution of the difference in electron
and hole distributions after photoexcitation. Negative values represent holes
while positive values represent electrons. Close to the metal edge a separation of
charge is caused due to the mobility difference of electrons and holes.
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Figure 2.6: Simulation results of the time evolution of the unmasked half of
a photocurrent (orange line) generated by an optical pulse (blue line) and
the resultant THz (yellow line). The photocurrent generated is a convolution
of the temporal envelope of the optical field with the impulse response of
the semiconductor. The emitted THz is then the derivative of the changing
photocurrent.

field was modelled as a half-gaussian in space to represent the laser spot which is partially
masked by the metal layer. Figure 2.2 shows the spatial profile of the modelled pump spot,
with a 1/e? spot radius set to 30 um and the spot modelled asymmetrically to simulate
partial masking. For each time step in the simulation the electric field was calculated
by solving Poisson’s equation. The change in carrier concentration was calculated with
equation 2.1 and the simulation was updated for the next iteration. The time step used
for the model was 4 fs and the model space was quantised with a mesh size of 350 nm.
These parameters were chosen to produce high resolution results for input into COMSOL
multiphysics at a later time. The model assumes a constant mobility for the carriers,
however for times shortly after photoexcitation this is not true and the mobility is a
function of time [120]. As the electric field increases with time and carrier diffusion
with no sudden changes in carrier velocity, the effects of any small mobility change
are expected to be negligible. The model also does not consider the effects of velocity
overshoot as the currents are formed mainly from diffusion instead of drift so the results

are unlikely to be affected.

The evolution of the incident electric field modelled as a Gaussian in time and half
gaussian in space is shown in figure 2.3. The resulting carrier density for electrons
calculated by the simulation is shown in figure 2.4 and a similar distribution is calculated

for the holes. The half gaussian electric field generates an asymmetric distribution of
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Figure 2.7: Simulation results of the 1D charge flow with time. Figure (a) shows
a plot of charge flow with position from 0-2ps in steps of 0.25 ps. Figure (b)
shows a surface plot of the simulation results. There is no net current generated,
suggesting the presence of the metal mask plays the key role in LPD emission.
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carriers within the semiconductor. These carriers are able to undergo drift and diffusion
before recombining or becoming trapped at defect sites. The carriers can diffuse past
the boundary created by the half gaussian electric field and, as the electron mobility is
much higher than that of the holes, a charge seperation is formed. Figure 2.5 shows the
difference between the electron and hole distributions. The difference in carrier densities

close to the mask edge allow for the separation of charge.

Movement of charge results in a current. For both symmetrical and asymmetrical
charge distributions starting from zero, at any point in time the net current will be
equal to zero [113]. Figure 2.6 shows the time evolution of the optical field used in the
model and the resulting photocurrent produced in one half of the model. The optical
pulse lasts for 100fs and frees carriers within the semiconductor. A photocurrent is
produced through the diffusion and recombination of these carriers (represented by the
orange line). Emission caused by this can be estimated from the differential of generated
photocurrent. This is plotted as the yellow line and takes the form of a typical THz pulse,
however, as there is no net current this cannot be observed parallel to the excitation
beam. Figures 2.7(a) and (b) show the resulting charge flow from the asymmetric carrier
generation in the model and its evolution in time. The flow of charge close to the metal
mask is large and confined to a small area, whereas away from the mask the charge flow
is much lower but spread over a large region. This results in a total current across the
simulation of zero, demonstrating that the drift-diffusion current from an asymmetrical
distribution alone cannot result in observable THz emission parallel to the excitation

beam.

2.3 Incorporation with COMSOL multiphysics

To ascertain the function of the metal mask on the emission of THz the results of the
drift-diffusion model were incorporated into a COMSOL Multiphysics simulation, a
finite element analysis program, with geometry based on a single LPD emitter. The
simulation modelled a piece of 100 ym thick GaAs partially masked with a Au layer
and otherwise surrounded by air. The Au boundary is modeled as a perfect electrical
conductor, meaning that 100% of the incident field is reflected and does not penetrate
the metal. The current calculated from the drift-diffusion model discussed previously
was imported into COMSOL. These results were used as the model for a current on
a 30 um long 1D wire located 1 um below the GaAs surface (inset of figure 2.8). The
spatial mesh size used for the wire in COMSOL was matched to the spatial resolution of
the Matlab model. The simulation was run using COMSOLs ‘Transient Electromagnetic
Waves’ module for a duration of 4 ps, equal to that of the duration of the Matlab model.
The simulation was repeated without the Au mask present for a direct comparison of the

affect of the metal on the observed THz emission.
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The results for these simulations are shown in figure 2.8. The images on the left
show the resulting emission without the gold mask present. The images on the right
show the resulting emission with the Au mask. From top to bottom the cases are shown
over time steps of 0.5, 1, 1.5 and 2 picoseconds from the initial generation of current in
the wire. In the case without the metal mask present a quadrupole radiation pattern is
detected. This would give no emission in the direction parallel to that of the exciting
pump beam. With the gold mask present the dipole underneath the metal is suppressed
and the uncovered dipole is allowed to radiate perpendicular to the material surface.
This shows that THz emission along the laser propagation axis can exist only if there is a

metal mask present near to the carrier concentration. This was measured experimentally
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Figure 2.8: Simulation results of the dynamic electric field produced in GaAs by
drift and diffusion from an asymetric carrier distribution. Red is positive and blue
is negative field. From top to bottom are images in time steps of 0.5 ps. The left-
hand images show the THz emission without a metal mask present. A quadrupole
emission pattern is observed with no radiation propagating perpendicularly to
the material surface. The right-hand images show the THz emission with a metal
mask present. The dipole formed beneath the metal experiences suppression
from reflection and the uncovered dipole is able to radiate perpendicular to the
material surface.
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Figure 2.9: Figure (a) shows simulation results of the emitted electric field
measured at the bottom centre of the model. The red line represents the
emission observed when a metal mask is present. The blue line shows the
emission observed without a metal mask. Figure (b) shows experimental results
of THz radiation from a Gaussian pump spot on bare LT-GaAs in comparison
to the radiation observed from radiation near a metal edge (LPD effect). THz
radiation from bare LT-GaAs originates from diffusion currents and surface
fields, due to the strong focusing provided from the combination of the Si-lens
and parabolic mirrors. In both experimental and simulated cases emission in
the same direction as the pump beam cannot be observed for an asymmetrical
carrier distribution alone, a metal mask must also be present.

by imaging a partially masked gaussian pump beam on to a piece of semiconductor. No
THz was measured for excitation with an asymmetrical pump spot, however, when a
metal mask fabricated on the semiconductor surface was translated into the shadow of
the beam, THz emission was observed. Figure 2.9(a) shows the electric field measured
in both situations at the bottom center of the simulation as a function of time. This
demonstrates that THz emission which is colinear with the propagation of the optical
pump beam will only be observed when a metal mask is present. The emission measured
in the presence of a metal mask in the COMSOL model also follows the expected profile
predicted from figure 2.6. Figure 2.9(b) shows experimental THz-TDS scans supporting
the results of figure (a). The green line shows the THz pulse profile when the pump
spot is aligned close to a metal edge fabricated on LT-GaAs. The blue line shows a
similar scan made when the pump spot is incident on bare LT-GaAs with no metal
mask present. The emission in the case of the blue line is primarily due to surface field
effects in the substrate and as such is around 50 times weaker than LPD emission. The
results from figure (b) align almost identically with the simulation results of figure (a) in
shape, however the experimental data shows some broadening of the THz pulse. This is
due to the nature of real world measurements compared to the idealistic model. The
simulation assumes only a 1D current within the emitter whereas in reality there would
be contributions from a much larger space. The setup used for taking measurements
involves collimation and focusing of the THz beam, as well as propagation through silicon

lenses and air, all leading to a broader pulse than what is observed in the model.
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Figure 2.10: Simulation results of the emitted electric field produced for different
insulating layer thicknesses between the metal and semiconductor at 1.5 ps after
dipole emission. Figure (a) is a schematic of the model showing an SiO, layer
modelled between the Au and GaAs. The thickness, X, is varied and figures
b-g show the resulting electric fields for SiOo thicknesses of 0 nm, 200 nm, 1 pum,
4um, 6 pm and 10 pm respectively. The colour bar is normalised in each case.
Figure (h) shows line scans taken from the bottom center of the simulation,
indicated by the red square in (a), for SiO9 thicknesses of 0 nm, 1 pm and 10 pm.
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2.4 Effects of metal-dipole distance on emission

To determine experimentally if there are any contributions to emission from the metal-
semiconductor contact an insulating layer must be fabricated between the two materials.
By doing this the distance between the dipoles formed and the metal will change. As
the covered dipole is suppressed due to reflection from the metal, any change in the
dipole-metal distance could affect the quenching and therefore the THz emission. The
COMSOL model was developed to investigate any effects on emission caused by this
change in distance. First a material layer of SiOy was inserted between the Au and GaAs
zones within the model. Figure 2.10(a) shows an example of this situation. The thickness,
X, of the insulating layer was varied from O nm (with the layer not present) up to 10 pm,
and the results of the emitted electric field for each case are shown in figures 2.10(b-g)
respectively. Each image shows the electric field 1.5 ps after dipole emission. For SiOs
layers under 1 pym thick there is little change in the emitted THz radiation pattern. As
the thickness increases above 4 ym effects can be seen in the electric field. Due to the
distance between the dipole and the metal being wavelength comparable, the reflection
is delayed and so cannot destructively interfere. This leads to a quadrupole-like emission
pattern most evident in figures 2.10(f) and (g). The field traveling towards the left of
the images is also noticeably different compared to the LPD and quadrupole emission
patterns shown in figure 2.9. This is due to refraction of the THz emission through the
SiOq layer. Figure (h) shows line scans taken at the point indicated by the red square in
(a) for thicknesses of Onm, 1 pm and 10 pm. For fabrication purposes insulating layers
below 1 pym will not cause any detrimental effects to THz emission from the LPD effect.
As most metal-semiconductor contact effects are diminished after a few nm this gives a

large range from which to select a thickness for fabrication [121].

2.5 Conclusion

In this chapter I have demonstrated through numerical modelling and finite element
analysis techniques that THz emission from the LPD effect is driven by suppression of
dipoles below a metal mask. I have shown that for an asymmetrical carrier distribution
formed within a semiconductor there can be no net current perpendicular to the material
surface. Through modelling I demonstrated that a quadrupole emission pattern is
produced without a metal mask present and no THz will be detected parallel to the
direction of the optical pump beam. With a mask present the dipole formed beneath the
metal experiences suppression due to the reflection from the metal gaining a m phase
shift. With this dipole quenched the uncovered dipole radiates freely and does so in a
direction parallel to the optical pump beam. The understanding gained on the underlying
mechanism behind the LPD effect will permit better design of LPD emitters allowing

their output to be improved.
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Multiplexing lateral

photo-Dember emitters

In the previous chapter I showed, through modelling, the dipole suppression mechanism
behind the LPD effect. In this chapter multiplexed lateral photo-Dember emitters are
investigated computationally and experimentally. Firstly, I present my model of a multi-
plexed LPD emitter before characterising single edge LPD emitters and cylindrical lenses.
Next, I show the enhanced THz emission for a multiplexed structure illuminated through
a cylindrical micro-lens array. I then show the fluence and polarisation characterisation

of the multiplexed emitter. These results have been published in [114].

3.1 Introduction

Although LPD emitters show improved output and bandwidth over PD emitters, they
still demonstrate lower power than PCAs. As these devices are simple to fabricate
— not requiring any complex electrode structures or insulation — and do not suffer
from electromigration effects as PCAs do, their use as an alternative emitter could
reduce costs for spectroscopy setups and commercial systems. However, in order for
this to occur their output must be brought into line with existing commercial PCAs.
One way of accomplishing this is by multiplexing LPD emitters to form an array.
Multilpex THz emitters can prove difficult to fabricate. Photo-conductive emitters
require interlacing finger electrodes to be fabricated on the surface of a semiconductor
before being periodically masked by insulating strips. These strips are used to mask
alternate positive-negative electrode pairs so that no carriers are excited in these regions
[53, 79, 122]. This is necessary so that carriers are excited only in areas with correlating
E-field directions to achieve net THz emission. Stringent fabrication processes are also
necessary to enusure there is no electrical contact between the interlacing electrodes.

Multiplexing of lateral photo-Dember emitters has also proven to be a non-trivial task.

39
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(b)

Figure 3.1: In (a) an example of a cylindrical lens focusing the pump beam along
the THz generating edge is shown, with the dashed circle representing the spot
that would be focused by an achromatic doublet. In (b) the use of a micro-lens
array to focus the pump beam on to correlating gold edges of a multiplex LPD
emitter is shown.

Work by Klatt et al., involved a two stage metallic deposition procedure which required
mounting the emitter at an angle inside the evaporator for the second deposition [79,
106]. Manipulation of the carrier diffussion has also been attempted with various metallic
designs patterned onto the surface of the semiconductor [108]. However, many of these

designs fail to achieve a net THz field direction, resulting in little or no emission.

In this section I descbribe a multiplex LPD THz emitter consisting of periodic strips of
gold deposited onto the surface of a GaAs semiconductor. Multiple correlating gold edges
are illuminated by focusing light through a micro-array of cylindrical lenses. The resulting
carrier distributions create multiple THz wavefronts which superimpose, resulting in
a 5.2 times improvement on the THz SNR obtained from a single emitter illuminated

through a single cylindrical lens.

3.2 Modelling multiplex emitters

The drift-diffusion model incorporated with COMSOL, discussed in the previous chapter,
was used to study the wavefront propagation and superposition for a miltiplexed LPD
emitter design. The design under study consisted of periodic strips of Au deposited
on a semiconductor surface. To produce net THz emission photogenerated carriers
needed to be produced on only one side of each metal strip, otherwise opposing dipoles
from the opposite sides of the metal would destructively interfere. Experimentally
this was performed by focusing the optical pump beam using a cylindrical micro-lens
array to produce a periodic series of focii. To support the accurate modelling of carrier
concentrations by the drift-diffusion model the 1/e? radius of the optical pump beam
was set equal to the focal spot size produced by the micro-lenses. This spot size was

found by modelling the micro-lens arrays with COMSOLs ‘Frequency Domain’ module,
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Figure 3.2: Model of the dynamic electric field (z-axis) produced by multiple
asymmetric carrier distributions in GaAs; red is positive field and blue is negative
field. In (a) the field is viewed 1.4 ps after initial dipole emission. In (b) the field
is viewed 4.85 ps after initial dipole emission. The wavefronts constructively
superimpose to form a single, planar THz wave.

results which are discussed later in section 3.5. This also provided an estimate of the
focal length for all the lenses that were used in our experiments. The results of the
drift-diffusion model were incorporated into a COMSOL Multiphysics simulation with
geometry based on the multiplex emitter design discussed previously. The period of the
Au strips was limited by the period of the micro-lens arrays commercially available. Lens
arrays of 15pum and 200 pym period were obtained and the model was based upon an
emitter designed for use with the 200 pm array. 100 ym wide Au strips with a period
of 200 pm were modelled on the surface of a 300 um thick GaAs substrate. Air was
included between the Au strips and a further 300 ym air layer was modelled underneath
the GaAs to monitor the propagation of THz after leaving the substrate. Multiple lateral
wires were modelled 1 um below the semiconductor surface near to each metal strip
as in figure 2.8 and the current results from Matlab were imported to each wire. The
simulation was again run using the ‘Transient Electromagnetic Waves’ module to analyse
the field evolution and propagation over time. The results from this model are shown in
figure 3.2, where (a) shows the field 1.4 ps after dipole emission and (b) shows the field
4.85 ps after emission. As shown in (a), each dipole emits a THz pulse in accordance with
the LPD effect. As each individual wavefront propagates through the semiconductor it

undergoes superposition with neighbouring wavefronts. As shown in (b), after emerging
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from the semiconductor the wavefronts resemble one single plane wave. These results
support the notion of a multiple emitter array producing constructive THz emission
and the plane wave nature of the emission was observed experimentally as the parabolic
mirrors of the setup could be coarsly adjusted without greatly affecting the detected THz
amplitude. For a wide illumination producing multiple wavefronts, the use of a Si-lens
would prove detrimental to measurements. This is due to the fact that only emission
at the center of the Si-lens would be correctly steered by it onto the parabolic mirror.
Wavefronts further towards the edges of the lens would not be effectively collected by the
parabolic and would produce multiple peaks in the TDS scan. This was also observed
experimentally as with an Si-lens in place no single THz pulse could be observed in the
time-domain. For multiplex emitters illuminated with a large pump spot, no Si-lens
should be used. However, if the pump beam is focused to a smaller spot size a lens could

still prove beneficial.

3.3 Experimental investigation of cylindrical lenses

The multiplex emitters utilise a cylindrical micro-lens array to focus the incoming pump
beam. To draw a direct comparison between a single and a multiplexed LPD emitter, a
single cylindrical lens was used to investigate the effect of such a focusing mechanism
on the THz generated from a single edge emitter. Theoretically, focusing the pump
beam onto a single gold edge through a cylindrical lens would produce a greater THz
emission for a given pump beam power than if a regular achromatic doublet objective
were used. THz radiation is generated primarily along the metal/semiconductor edge.
The cylindrical lens would focus the power that would usually be ‘wasted’ across the
metal and semiconductor along a spot size length of the THz generating edge region
(figure 3.1a). This would result in a larger length of the metallic edge being illuminated

and higher fluences would be reached for lower laser powers, improving efficiency.

A 100nm layer of Au was evaporated onto a piece of LT-GaAs to mask half of the
semiconductor. A 5nm layer of Cr between the Au and semiconductor was used as an
adhesion layer. The resulting single-edge LPD emitter was then mounted in a typical
transmission THz-TDS set up similar to the set up shown in figure 1.2. However, as LPD
emitters do not require an electrical bias an optical chopper was used to modulate the
pump beam in order to produce a signal for the lock-in amplifier to reference. The emitter
was aligned with a Si-lens to increase the acceptance angle on to the first parabolic mirror.
A Menlo systems PC LT-GaAs antenna aligned with a second Si-lens was connected to a
lock-in amplifier for use as the detector in this system. A 100 fs, 80 MHz Ti:Sapphire
laser centred at 800 nm, and with a 1/e? spot size of 0.61 mm, was modulated by an
optical chopper and focused onto the emitter surface by both an achromatic doublet and
cylindrical lens in turn. The focal spot size on the emitter surface was initially adjusted

to achieve the maximum THz amplitude possible and time-domain scans were taken for
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Figure 3.3: A comparison of the peak-to-peak THz field achieved for a given
pump power for a single cylindrical lens (blue line) and an achromatic doublet
lens (green line). Over double the THz field is achieved on average with a
cylindrical lens over an achromatic doublet for a given pump power due to the
increased fluence. The error bars represent the standard deviation from multiple
TDS scans.

different incident optical powers, with the detector illumination power held at a constant
5mW. Multiple TDS scans were taken for each case and the standard deviations are
plotted as error bars. The results for both the achromatic doublet and the cylindrical
lens are shown in figure 3.3. There is a clear improvement of emitted peak-to-peak THz
field for the cylindrical lens, with it achieving an average of double the output of the
achromatic doublet over the 20 to 150 mW range of pump powers. It must be noted that
the pump spot sizes were optimised for maximum THz generation and the cylindrical
lens has a distinct advantage over the doublet, as it naturally illuminates a larger length
of the metal-semiconductor edge with increased fluence for a given input power. Overall
this shows improved efficiency in the conversion of infrared pump to THz signal when

using a cylindrical lens.

3.4 Experimental investigation of multiplexed emitters

Two multiplex emitter arrays of different period and strip width to match the micro-lens
arrays were fabricated through photolithography. One comprised of 100 ym wide Au
strips with a period of 200 um on SI-GaAs and the other of 7 um wide Au strips with a
period of 15 um on LT-GaAs. The Au was deposited on both emitters to a thickness of
100 nm with an 5nm Cr adhesion layer between the Au and semiconductor. SI-GaAs was

chosen as the first substrate due to its high dark resistivity, whereas LT-GaAs was chosen
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Figure 3.4: Graph of peak-to-peak THz field as a function of optical pump power
for three different emitters. The blue and green lines represent the 15 ym period
LT-GaAs emitter illuminated with TM and TE polarisation respectively. The
red line represents the 200 um SI-GaAs emitter, and the turquoise line represents
the single edge LT-GaAs emitter illuminated through a single cylindrical lens.
The error bars represent the standard deviation from multiple TDS scans.

due to its sub-picosecond carrier lifetime, a trait which sees it used in many commercial
photoconductive antennas. Each emitter in turn was mounted in the transmission THz-
TDS set up described previously. A Si-lens was not included on the emitter arm of the
set up as this would disturb the superposition of the emerging THz wavefronts. The
pump beam was directed through a cylindrical micro-lens array of period equal to that
of the emitter used and on to the emitter surface. The multiple foci produced by the lens
array were aligned against correlating gold edges on the emitter, which was positioned
at the focal distance from the lens. This was required since, if the emitter surface were
simply illuminated without the lens array, opposing gold edges would produce opposing
dipoles which would suffer destructive superposition resulting in no net THz radiation in
the desired direction. The THz emission of both multiplex emitter arrays was measured
as a function of incident optical power from 10 to 150 mW, with the detector illumination
power held at a constant 5mW. The measurements for the 15 um period emitter were
repeated for two different polarisations of incident illumination; Parallel to the edges of
the gold strips (TE polarisation) and perpendicular to the edges of the gold strips (TM

polarisation). All these results are shown in figure 3.4.

The results show that the 15 ym period multiple emitter exhibits a greater increase
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Figure 3.5: Plots showing the time-domain scans and respective Fourier trans-

forms for the 15pum period LT-GaAs multiplex emitter (green line) and a
commercial Menlo Systems PC antenna (blue line).

in peak-to-peak field of emitted THz radiation in comparison with the 200 ym period
array and with the single emitter illuminated by a single cylindrical lens. In this case
the single emitter with cylindrical lens shows improved emission over the 200 pum period
emitter. This is most likely due to the 200 pm period array being fabricated on SI-GaAs,
which shows a lower saturation fluence in comparison to LT-GaAs, significantly reducing
its output [115, 123]. The presence of the Si-lens for focusing the THz produced by the
single emitter would also make direct comparisons between the two emitters difficult.
It was also found that incident light polarised perpendicular to the gold edges (TM)
produces a significant increase in emitted field when compared with polarisation parallel
to the edges (TE) for multiple emitters. This has been shown to occur for both LPD and
PC emitters and is due to field enhancement at the metallic edge [124, 125]. The output
fields for the 15 um period emitter and single emitter from figure 3.4 were compared.
The average output field increase for the multiple emitters over single emitter at these
illuminations was found to be 5.2. This shows the multiple emitters to emit over 5 times
greater THz field — over 25 times greater power — than a single LPD emitter despite
the presence of the Si-lens allowing a larger acceptance angle for the single emitter.
This increase in signal did not constitute a simultaneous increase in noise, allowing an
equivalent increase in SNR. It was also noted that with the multiplex emitters in place

the parabolic mirrors could be more coarsely adjusted without affecting the THz signal
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compared to when a single emitter was in place. This supports the computational results
in the previous chapter which showed a THz plane wave forming from the superposition
of multiple wavefronts. It is feasible to improve this result by focusing to a wider spot
and increasing the total optical power, however this was unachievable due to the power

available from our laser setup.

To compare the output of a multiplex LPD emitter with a PC antenna, scans were
made with the 15 pm period LT-GaAs multiplex emitter illuminated with 100 mW of
power and the detector illuminated with 5 mW power. This emitter was then replaced
with a Menlo systems PC antenna which was aligned with a hyper-hemispherical Si-lens.
Time domain scans were taken with the emitter biased at 5V and both detector and
emitter optical powers at 5mW. Figure 3.5 shows the time-domain scans and frequency
spectra of this. The multiplex emitter shows comparable bandwidth to a PC antenna in
our setup, spanning ~3 THz before becoming indistinguishable from the noise floor. A
power comparison between the two devices cannot be made due to the freedom in choice
of the applied bias in the PC antenna. However, increasing the bias of a PCA can also
increase the noise floor due to the electric fields involved, leading to little change in SNR.
For multiplex LPD emitters the SNR increases with the optical power due to the absence
electrical noise. If the maximum voltage is chosen then the PC antenna would be more
powerful, but this would considerably decrease its lifetime due to electrical damage and

electromigration of metals [104].

3.5 Fluence calculations for multiplexed emitters

Typically with a single emitter the THz emission will eventually saturate at a certain
fluence, determined by the pump beam power and spot size. To calculate the fluence for
the multiplex emitters several assumptions must first be made. If the pump beam is a
typical gaussian we know that there is less power present the further from the center of
the beam we are. The micro-lens array produces many focii. A micro-lens located near
the center of the gaussian pump beam will focus a greater optical power than a micro-lens
located nearer to the edge of the beam. We can assume the multiplex LPD emitter
to consist of many individual emitters. As such we can assume the individual emitter
illuminated by the central focus will reach saturation before the individual emitters
further from the center. This unique product of using a lens array means that overall the
multiplex emitter will reach saturation more gradually and at a slightly higher overall
fluence than a single emitter. To calculate the fluence incident on a multiplex emitter

the following technique was used.

A three dimensional gaussian beam was modelled based on the 1/e? spot radius of
the laser beam. The number of foci produced by each micro-lens array that fell within

the laser spot was calculated. This allowed an estimate of the number of gold strips
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Figure 3.6: A demonstration of the technique used for fluence calculation. The
percentage of power of the gaussian beam focused by each micro-lens is calculated
using the pump beam spot size and number of micro-lenses that are illuminated.
The spot size produced by the micro-lenses is found through COMSOL simulation
and coupled with percentage power to produce an estimate of the total fluence.

illuminated on each array; a total of 7 and 82 strips for the 200 yum and 15 um period
arrays respectively. The percentage of the total gaussian beam power that would be
focused by each micro-lens in each array was then calculated (Illustrated in figure 3.6).
The spot size produced by each micro-lens was calculated using the formula dy = 4f\/7 D,
where dj is the 1/e focal spot diameter, f is the focal length of the micro-lens, A is the
wavelength and D is the diameter of the input beam. Specifications from the lens array
suppliers were used, with f=1.6 mm and D=200 pym for the 200 pm array and f=16.4 um
and D=15 um for the 15 um array. The results gave a 1/e focal spot diameter of 8.15 ym
and 1.11 gm for the 200 and 15 pm lens arrays respectively. To support these results a
single lens from the 15 ym array was modelled using COMSOL Multiphysics to find an
estimate for the focal spot size produced. The dimensions of an individual micro-lens
were taken from the specifications supplied by the producer (Jenoptik Inc.) and recreated
within a frequency domain COMSOL model. The lens material was set as SiOs, the
surrounding material as air and an input wavelength of 800 nm was used. Figure 3.7
(a) shows the electric field results for the 15 pum period lens array. A focus is formed
approximately 15 um from the center of the micro-lens. This distance is comparable to

the focal length of 16.4 um quoted by the suppliers, assuming this is correct for 800 nm
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Figure 3.7: Figure (a) shows the electric field results for a single lens from the
15 pm array focusing 800 nm wavelength light. The blue line in figure (b) shows
the intensity profile measured across the horizontal line at y = 18.5 ym in (a).
This also includes the diffraction effects generated in the COMSOL model. The
orange line is an estimate of the spot profile without diffraction effects. The 1/e
spot diameter for these plots is 1.38 pym.
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Figure 3.8: (a) and (b) show the peak-to-peak amplitude of the detected THz
as a function of fluence for the 15 um period LT-GaAs multiplex emitter and
the 200 um period SI-GaAs emitter respectively. The solid lines represent
saturation curve fits, with the average saturation fluence for LT-GaAs found to
be Fyr = 0.18 mJ cm ™2, and for SI-GaAs Fi, = 12 pJ cm™2.
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light. Figure 3.7 (b) shows the electric field profile simulated along the horizontal line at
y = 18.5 um in (a). There are clear effects from diffraction in (b) so a gaussian function
was overlaid to negate this. The estimate for 1/e focal spot diameter for the 15 pm
micro-lens array produced by COMSOL is 1.38 um, a value comparable to that previously
calculated. The percentage power focused by each microlens coupled with the spot size

produced allowed the total fluence to be calculated.

Figure 3.8(a) shows the peak-to-peak THz power plotted as a function of fluence for
the 15 pum period multiplex emitter, with the inset (b) showing the same for the 200 pm
n

period emitter. The curve fits the saturation formula Fry, (F) = Aw Y. F/(F}; + Fiat),
i=1

where A is a coefficient of conversion and alignment efficiency, w is the 1/e* pump spot
radius and Fiy¢ is the saturation fluence. For the summation; n is dependent on the
number of focii produced by the micro-lens array, and Fj is the fluence produced at each
focus. The average saturation fluence for LT-GaAs was found to be Fiu = 0.18 mJ cm ™2,
and for SI-GaAs Fy,; = 12 puJ cm™2, which are consistent with similar work on single
edge LPD emitters [110, 115]. These results show this method of determining fluence for

multiple-focus producing lenses to be accurate and reliable.

3.6 Conclusion

In this chapter I have demonstrated the operation of a multiplexed LPD emitter both
computationally and experimentally. A multiplex LPD emitter coupled with a cylindrical
micro-lens array exhibits over five-times THz field enhancement compared to a single
edge emitter illuminated through a single cylindrical lens. The multiplex emitter exhibits
bandwidth and SNR comparable to that of a PC antenna and its output offers further
opportunity for improvement by creating a smaller period array or by illuminating a
larger area of the emitter surface. I have shown through simulation that the superposition
of multiple THz wavefronts lead to a single, enhanced THz pulse which is supported by
my experimental findings. The results agree with previous work which show LT-GaAs to
exhibit a higher saturation fluence - and therefore higher THz emission - than SI-GaAs. 1
have also demonstrated a simple method for calculating the fluence for multiplex emitters
coupled with lens arrays, which produced saturation fluence values consistent with other
work.

These multiplex emitters are simple to fabricate and highly durable, as they do not
require an external bias which can decrease the lifetime of PCAs. Alignment of the
micro-lens array can however prove time consuming. In the following chapter I describe

a novel multiplex emitter design which does away with the need for a focusing element.






Chapter 4

Double-metal emitters

In the previous chapter I showed through simulation and experiment that by multiplexing
a LPD emitter we can achieve an enhancement of over five times the THz output when
compared with a single edge LPD emitter. The design utilised parallel metal strips
fabricated on the surface of a semiconductor. The device needed to be illuminated
through a cylidrical micro-lens array. This was required so that the pump beam could
be focused only along correlating gold edges to generate a net dipole direction and result
in observable THz emission. Alignment with the micro-lens array can prove difficult and
time consuming, as the focus and position of the array must be adjusted to coincinde
with the edges of the metal strips. A separate lens array must also be purchased for each
emitter created with a different period of striplines. These points conspire to make this

emitter design less than desirable.

In this chapter I describe the development of a bias-free, Schottky-enhanced, double-
metal emitter. These devices utilise two different overlapping metals to achieve net THz
emission through selection of each metals’ skin depth and work function. I explore the
theory of operation of these emitters, describing both the LPD and Schottky components
of THz emission, as well as the fabrication process. I present my comparison of different
metal combinations and characterise the devices at different temperatures, fluences and
polarisations. The work presented here was in conjunction with Duncan McBryde and
Sam Berry, and has been published in [116, 117].

4.1 Introduction

Multiplexed PCA’s were introduced in 2005 by Dreyhaupt et al [122]. An example of
such a device is shown in figure 4.1. The multiplexed PCA consists of an interdigitated
array of electrodes fabricated on to the surface of a semiconductor. A bias is applied

across the array and every second electrode pair is masked to ensure carriers are only
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o I A

top view cross section

Figure 4.1: (a) shows a top view diagram of the multiplexed PCA design, (c)
shows a cross section and (b) is an SEM image of a fabricated device. The
yvellow and red parts indicate electrodes of opposite bias, the arrows indicate
the direction of the electric fields. The green areas show the masking of every
second electrode pair to ensure carriers are only photogenerated in regions of
correlating field direction. Image used from [53].

photoexcited in regions of correlating electric field direction. Carriers are then accelerated
in the same direction to produce a net current and THz emission. This design allows
multiplexed PCA’s to be operated without the need for optics to focus the pump beam
on to the emitter surface. These antenna are now commercially available from companies
such as Laser Quantum Ltd and are opening the door to simpler, less alignment-sensitive
setups for THz-TDS. However, these antennae still require an electrical bias to operate,
reducing their lifetime and their simplicity. Any damage or electrical shorts in one area

of the antenna can also render the device unusable.

Klatt et al., developed a multiplexed LPD emitter which did not need focusing optics
for the pump beam [106]. Their device was fabricated by depositing wedge-shaped
metallic striplines on to the surface of a semiconductor. This was achieved by patterning
striplines of aluminium ‘walls’ onto the semiconductor before depositing gold at an angle
to form the wedge shaped structures. Figure 4.2(a) shows the intended wedge design and
inferred carrier density formed. Figure 4.2(b) shows an image of the fabricated emitter,
which resembles a step-shaped structure instead of the intended wedge. Later fabrications
of these devices replaced the Al walls with photoresist to ease the fabrication process.
These multiplexed wedge emitters demonstrated good THz emission, however, the LPD
process was misinterpreted by Klatt et al.. They believed the asymmetrical diffusion
currents created at the gold edges would cause stronger dipole emission from underneath
the thick part of the gold. Research in our group, which I discussed in Chapter 2, was
able to disprove this interpretation of the LPD effect and introduce the new concept of
dipole suppression [109, 110, 113]. This mechanism suggested that the emission Klatt et

al., were seeing from their wedge emitters was, in fact, due to the thin sections of gold



Chapter 4 Double-metal emitters 53

(a) Au mask

Carrier density

Figure 4.2: (a) shows a diagram of the intended wedge shaped emitters and the
supposed carrier density predicted by Klatt. (b) shows a SEM image showing the
multiplexed emitters fabricated by Klatt et al. Thin walls of Al (later photoresist)
are deposited on the GaAs surface. Au is evaporated at an angle to create a set
of thin wedges. The gold does not show linear variation of thickness and also
exhibits signs of percolation. Image used from [106] and is the same as figure
1.11, replicated here for ease.

being of thickness below the skin depth of the generated THz. This would mean that
the dipole formed under this area would not be completely suppressed, allowing it to

radiate. The theory is explored further in the following section.

4.2 Design principles of double-metal emitters

The double-metal (DM) LPD emitters utilise two different metals to achieve a net dipole
direction within the semiconductor allowing for THz emission. The metals are chosen
for their skin depth in both the THz and the infrared region to engineer the LPD effect
to produce a net dipole emission direction. By using two metals with differing work
functions we can also engineer a built in Schottky field to further aid and enhance our

THz emission.

4.2.1 Lateral photo-Dember contribution

The theory of dipole suppression in the LPD effect states that THz reflected from the
metal surface gains a 7 phase shift, quenching the dipole formed under the metal. By
changing the reflectivity of the metal mask it is possible to control how much of the THz
is reflected, and therefore how much quenching that dipole experiences. By using two
metals with different reflectivities it would be possible to engineer an emitter with a net

dipole direction and no need for a focusing lens.

Figure 4.3 shows an example of a DM emitter. Two metals of different reflectivities
are fabricated in strips next to, and partially overlapping each other. An ideal pairing of
metals would involve both of them being opaque to the infrared pump beam, so that

LPD dipoles are formed at each metal edge. In the case of a repeating double-metal
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element the dipoles formed outside of the metal mask would oppose each other and
cancel out. The dipole formed under the high reflectivity metal would experience full
quenching, as the THz reflected from the metal would gain a 7 phase shift and interfere.
Less THz would be reflected by the low reflectivity metal, meaning that the dipole formed
underneath would only be partially quenched. In DM emitters it is this dipole formed
underneath the low reflectivity metal that is the primary THz source. By repeating this
double-metal element an emitter would be created with a net dipole direction without
the requirement for any focusing optics. This emitter would also not require any tricky

angular deposition methods as used by Klatt et al., to create their wedge emitters.

The reflectivity of the metals is dependent on their skin depths. This is the depth
to which eddy currents form within the material from interaction with electromagnetic
waves. For thicknesses of metal above the skin depth interaction will be significant,
therefore by varying the thickness of the metal we can affect how much of the THz will
interact and be reflected. This explains why the wedge emitters developed by Klatt et
al., were able to function effectively, as the thin side of the gold would have been below
the skin depth at THz frequencie whilst the thick side remained above the skin depth.
The skin depth of a metal is described by the relation;

_ 2p N p
‘5‘\/ @) ) %N ) b

where p is the resistivity of the metal, u, is the relative permeability of the metal, u, is the
relative permeability of free space and f is the frequency of the incident electromagnetic
radiation [126]. Figure 4.4 shows the skin depths () of different metals in the 0.5-4 THz

range. From the figure we note that the skin depths of gold and aluminium are very
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Figure 4.3: A diagram showing the emission mechanism for the double-metal
emitter due to the lateral photo-Dember effect. Carrier diffusion creates radiative
dipoles near the metal boundaries, shown as green arrows. Each set of dipoles
created on the boundary points have equal magnitude. Dipoles created under
the metal surface are quenched by reflection from the surface and are suppressed.
The difference in the reflectivity between the two metals causes net terahertz
emission to be observed.
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Figure 4.4: A plot of the skin depth of different metals against THz frequencies.
Due to the large difference in skin depth in comparison to Au, Pb was selected
as an ideal candidate for these emitters.

similar at THz frequencies. As this metal pairing was the first used by Klatt et al., for
their wedge emitters it demonstrates how the thicknesses of the metals play an important

role.

Due to the large difference in skin depth in comparison to Au, Pb was selected as an
ideal candidate for these emitters. The transparency of Pb was tested experimentally in a
transmission THz-TDS setup to confirm the thicknesses required for fabrication. Pb was
thermally evaporated onto glass microscope slides which were placed into a THz beam
and the transmission of the THz was monitored. Pb layers below 24 nm in thickness are
transparent at 1 THz [127] and we found that Pb layers of up to 80 nm thickness allow
transmission across a spectral range of 2 THz, whilst completely blocking the 800 nm

optical pump beam.

4.2.2 Schottky contribution

By using two different metals it is possible to engineer the Schottky effect to aid the LPD
effect in producing THz. In a semiconductor the conduction and valence bands bend
close to the surface, pinning the Fermi level and forming a depletion region [74]. This
band bending has been shown to cause THz emission and can influence LPD emitters
[74, 115]. It has also been shown to affect the polarity of THz emission under exposure
to intense optical fluences [115, 128]. The bending of the bands near the surface can be
influenced by applying a metal to the surface. Figure 4.5 shows the band diagram for
a DM emitter consisting of Au and Pb patterned on GaAs. The metals have different
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Figure 4.5: A band diagram for the Au/Pb emitter. Both Au and Pb create a
Schottky barrier near the metal/semiconductor interface. The two metals have
different work functions, ¢,,, which create different barrier heights, ¢,. Band
bending occurs near the metals causing currents related to the barrier heights,
jaw and jpp. If jau # jpp @ net current is generated resulting in terahertz
emission.

work functions (¢,,) which cause a difference in Schottky barrier heights on each side of
the double-metal strip. The barrier height difference leads to a difference in the band
bending at the semiconductor surface (¢p) creating transient lateral currents near to the
metal /semiconductor boundaries. If the work functions of the metals are the same then
the Schottky barrier heights, and therefore the lateral currents generated, are the same
and will therefore cancel. For the metals demonstrated in figure 4.5 Au has a barrier
height of around 0.9eV [129, 130] and Pb a height of 0.8 eV [131] at 300 K when bonded
with GaAs. This difference will produce a net lateral current which can aid the diffusion
of carriers and contribute to the THz emission. It should be noted, however, that the
barrier height is highly dependent on the surface quality of the semiconductor, with
surface passivated devices showing stronger emission than devices with an oxide layer
[132]. It has been shown that plasmonic effects from metals deposited on semiconductors
can also enhance the THz emission from these devices through enhanced pump beam
absorption and increased numbers of excited carriers [133, 134]. The use of metals with
different plasma frequencies may also encourage differences in pump beam absorption

either side of the double-metal strips, leading to further enhancement of the THz emission.

4.3 Fabrication

The fabrication of DM emitters was carried out by Duncan McBryde, Sam Berry and
myself. DM emitters were fabricated using a two stage photolithography method. The
substrate was prepared by immersion in acetone and IPA before being rinsed in DI water
and baked in an oven at 90 °C for 30 minutes. This was to ensure a clean substrate
surface for good results. S1813 positive photoresist was spun to a thickness of ~1 ym on
the substrate surface and then baked on a hotplate at 90 °C for a further 2 minutes. The
prepared substrate was aligned with a mask designed for standard photolithography and
UV exposed, then developed. The first metal was deposited through thermal deposition
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Figure 4.6: Images of the DM emitters after fabrication. In (a) an AFM image
of an Au/Pb emitter is shown where an overlap of metals can be clearly seen.
In (b) an image taken from an optical microscope is shown.

and the remaining photoresist and excess metal was removed by immersion in acetone.
This left a pattern of 4 pym wide metal strips with a period of 15 pm on the surface of the

substrate.

The process was repeated and the mask was positioned for the second strip pattern
by optically aligning it with the already deposited metal strips to ensure an overlap in
the strip pattern. After exposure, deposition and lift off the resulting DM emitter was
cleaned and observed under an optical microscope. Figure 4.6(a) shows an SEM image
of a Au/Pb emitter with a 2 pm overlap between the metals, while (b) shows an optical
mocroscope image of the completed emitter. For initial tests emitters were created on
SI-GaAs. Pb was deposited to a desired thickness of 60 nm and Au was deposited to a
desired thickness of 100 nm with a 3 pm Cr adhesion layer. However, due to a detector
error around 200nm of Au and 120 nm of Pb were deposited in this initial run. The
thickness of the deposited Pb was still below the expected THz skin depth so the dipole
underneath would not experience complete suppression. Another Au/Pb emitter was
fabricated on LT-GaAs to test for a difference in emission as observed with single LPD

emitters and the multiplexed emitters described in the previous chapter.

To characterise the relative strengths of the LPD effect and the Schottky effect, DM
emitters were fabricated on a SI-GaAs substrate with a 100 nm insulating SiO9 layer.
This insulating layer was used to eliminate the band bending caused by the metal, which
can be eliminated by just a few nm of insulation [121]. This created a DM emitter which
functioned solely due to the LPD effect with no Schottky influence.

4.4 Characterisation

All of the fabricated DM emitters were characterised in a standard THz-TDS setup
pumped by an 80 MHz, 100 fs Ti:Sapphire laser centered around 800 nm. A Menlo Tera-8

photoconductive antenna aligned with a silicon lens was used as a receiver. For all
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Figure 4.7: THz-TDS scans for both the SiO insulated and the uninsulated
Au/Pb emitters patterned on SI-GaAs. (a) shows the time domain scans whilst
(b) shows the relating Fourier transfroms. With an SiOs layer the Schottky
effects are eliminated, reducing the THz field output by more than half and
showing the Schottky barrier plays a much greater role in DM emitters than
observed in single edge LPD emitters.

measurements an average power of 7mW was incident on the receiver and the pump
beam was optically modulated to provide a signal for detection with a lock-in amplifier.
The emitters were mounted without any focusing silicon lenses and were illuminated with
a full 1/e? pump beam spot diameter of 1.2mm. This spot size permitted a maximum
of 67 double-metal strips to be illuminated and allowed the emitter to generate planar
THz waves, instead of acting as a point source. In the case of fluence measurements, an
objective lens and variable neutral density filter allowed the intensity and spot size of

the pump beam on the emitter to be adjusted.

4.4.1 Fluence saturation

Firstly, the output of the fabricated DM emitters were measured in the setup described

previously. Figure 4.7 shows the time-domain scans and their corresponding

Fourier transforms in (a) and (b) respectively for the DM emitters illuminated with
180 mW average power. The presence of an SiO9 layer quells the effect of the Schottky
barrier, reducing THz output by more than half when compared to the uninsulated
emitter. In chapter 1 I discussed that the presence of an insulating layer between the
metal and semiconductor does not affect the output of a single LPD emitter. This
implies the Schottky barrier plays a more important role in multiplexed emitters than

single LPD emitters. This is most likely due to the size and scale of the devices. The
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Figure 4.8: These figures show the fluence dependence of Au/Pb emitters without
an Si0y layer, (a), and with an insulating SiO9 layer, (b). The pump beam spot
radius was set at 430 pm and the saturation fluence, F,,; was determined to be
0.821J cm~2 for (a), whereas (b) shows no saturation.

currents induced by the Schottky barrier height differences occur near to the metal.
With repeating structures fabricated over a 15pm period these currents can have a
greater effect on emission. Our results also showed that DM emitters fabricated on
an LT-GaAs substrate produced minimal emission. This is likely due to the fact that
Schottky effects are not as influential in LT-GaAs [115] but could also be caused by

unquantified fabrication errors.

Next, the pump beam was focused with an objective lens to a spot size of 430 pm on
the emitter, illuminating approximately 28 double-metal elements, and incident optical
power was varied to investigate the fluence characteristics of DM emitters. Figure 4.8
shows the peak-to-peak current measured by the lock-in amplifier plotted against fluence
for the uninsulated (a) and the SiO2 insulated (b) emitters. The saturation curves were

fitted using the formula

F

FEra,(F) = A————
TH( ) (F+Fsat)

(4.2)

Where F is the optical fluence, Fi,; is the optical saturation fluence and A is the coef-
ficient describing efficiency. Fi for the uninsulated device was found to be 0.82nJ cm™2.
For the SiOs insulated device no saturation was observed. The saturation observed in
the uninsulated emitter is attributed to charge accumulation within the depletion region,
as is observed with single LPD emitters on SI-GaAs. At higher fluences the drift current

of electrons moving from the metal to the semiconductor is reduced. Higher carrier
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concentrations lead to higher carrier density, a decrease in barrier height and a higher

Fermi energy in the semiconductor [115, 128].

4.4.2 Polarisation and alignment

Figure 4.9 shows that both insulated and uninsulated Au/Pb DM emitters exhibit the
same emission dependence with optical pump polarisation as single edge LPD emitters
as discussed in the previous chapter. Enhanced THz emission is observed for polarisation
angles perpendicular to the double-metal strip lines (TM). This dependence is also
apparent in the insulated emitter, suggesting the enhanced emission is due not only to
Schottky enhancement but also by diffraction causing carriers to form nearer to the metal

boundary.

The LPD effect allows transmission of THz radiation along the same direction as
the pump beam. The regular photo-Dember effect in a bare semiconductor produces
THz emission perpendicular to the direction of the pump beam. To couple emission out
parallel to the pump beam direction the semiconductor must be angled with respect to
the pump beam. Any change in this angle will affect the amplitude of the THz emission.

The emission dependence on emitter angle with respect to the pump beam was examined

1
S 0.95
8
=
S
»n 09
N
T
|_
% 0.85
o
o
? 0.8
—e— |nsulated
—=— Non-insulated

075 —F———
0O 20 40 60 80 100 120 140 160 180

Polarisation angle (Degrees)

Figure 4.9: Normalised pump beam polarisation dependence of the insulated and
uninsulated Au/Pb DM emitters. The angles of 0° and 180° correspond to TM
polarisation and 90° to TE polarisation as described in chapter 3. Both emitters
show strongest emission from a TM polarised pump beam, with reduced emission
under TE polarisation. As the insulated emitter is unaffected by Schottky effects
this dependence is likely due to enhanced diffraction of the pump beam at TM
polarisation.
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Figure 4.10: Figure (a) shows a schematic for the angular measurements and
defines 6. Figure (b) shows a plot of the amplitude of the emitted THz radiation
with variation of the emitter angle in respect to the pump beam for an Au/Pb
DM emitter (red squares) and bare SI-GaAs (blue circles). The DM emitter
shows constant emission and no polarity flip compared to the bare SI-GaAs,
which shows a polarity flip and no emission at 0° as expected.

for the uninsulated Au/Pb emitter and compared with that of a piece of bare SI-GaAs.
The schematic for this experiment is shown in figure 4.10(a) and the peak-to-peak THz
emission with respect to emitter angle results are shown in figure 4.10(b). At an angle of
0° the bare SI-GaAs shows no detectable THz emission parallel to the pump beam as
expected. As the angle is increased the THz emission increases linearly, with negative
peak-to-peak values representing a reversal in the polarity of the THz pulse. The DM
emitter demonstrated strong emission at 0° and steady amplitude emission at other
angles with no polarity inversion. This is attributed both to the LPD effect and the
intrinsic net lateral current due to the Schottky effects maintaining a consistent emission
direction. For angles between +10° and +45° the peak-to-peak THz amplitude gradually
decreases with increasing angle. The asymmetric nature of this angle dependence suggests
the emitting dipoles may be inhibited by this positive angular change. This could be
due to a simple shadowing effect of the metals on the semiconductor surface, shifting
the dipoles away from the metals. Another likely cause could be due to the photon drag
effect. This is where photons absorbed by the material impart their momentum to the
photogenerated carriers. Changing the angle of the emitter would either increase or
decrease the momentum of carriers diffusing underneath the Pb layer, thus producing an

overall effect on the THz emission.

4.4.3 Emitter lifetime

After the initial fabrication of the Au/Pb DM emitters, it was noted that over time the
THz output gradually decreased. This is due to oxidation of the Pb strips as well as

mechanical wear (scratches, burns etc). To combat this loss of output another Au/Pb
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Figure 4.11: A time-domain scan of a coated Au/Pb DM emitter illuminated
with spot size and fluence of 0.23 pm and 2.4 nJ cm™2 respectively is shown in
(a). The corresponding Fourier transform is shown in (b). This emitter exhibits
up to 3 THz bandwidth to 1dB above the noise floor, with SNR of ~56 dB and
shows no loss in output over time due to oxidation.

emitter was fabricated. Deposition thicknesses of 60 nm for both Au and Pb were used
with a 5nm Cr adhesion layer between the Au and semiconductor, and after deposition a
polyimide (PI) coating layer was spun onto the emitter surface and baked to protect the
Pb from oxidation. The newly fabricated emitter was aligned in a TDS setup with an
objective lens and the spot size was adjusted to achieve higher fluence for maximum THz
transmission. Approximately 15 double-metal strips were illuminated with a 1/e? spot
radius of 115 um and a fluence of 2.4 pJ/cm?. Figure 4.11(a) shows the time domain
scan for the coated DM emitter. From figure 4.11(b) an improvement in bandwidth with
respect to the previous Au/Pb emitter bandwidth in figure 4.7 can be noted. This is
due to the thickness of the metals deposited, as the previous emitter had much thicker
depositions than intended. The thinner metals deposited on this Au/Pb emitter allow
larger bandwidth as the higher THz frequencies generated underneath the Pb are not
reflected and so not suppressed. The coated emitter also boasts an improved signal-to-
noise ratio of 56 dB and, due to the coating, does not exhibit any loss of signal over

time.

4.4.4 Temperature characterisation

The DM emitters were mounted within a helium flow cryostat to test their low temperature

characteristics. Both the uninsulated DM emitter and the SiO5 insulated emitter were
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Figure 4.12: Peak-to-peak THz emission for the Au/Pb emitters with varying
temperature. (a) shows the temperature dependence for the emitter without an
insulating layer and (b) shows the temperature dependence for the emitter with
the SiOg insulating layer.
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Figure 4.13: Peak-to-peak THz emission with temperature for Au/Al (blue
circles), Cu/Cr (green triangles) and Au/Pb (red squares) emitters. Cu/Cr
emitters show the strongest THz emission which peaks between 140 and 160 K.
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mounted in turn and were aligned within a TDS set up of the same design as the one
described previously. The THz emission of both emitters was investigated over the
temperature range of 4 - 300 K. Figure 4.12 (a) and (b) show the peak-to-peak THz
signal at different temperatures for the uninsulated and insulated emitters respectively.
For the SiO insulated emitter in 4.12(b) the THz output increases with decreasing
temperature, with an optimum emission temperature at ~50-80 K. This increase in
output is attributed to higher electron mobility at low temperatures [135], as the free
electron path length is increased due to fewer free carriers being present. This allows the
formation of a stronger dipole and implies carrier diffusion is the main source for THz
emission when Schottky barrier emission is removed. Both emitters exhibit a decrease in
THz output below 50 K which is in accordance with the reduction in electron mobility in
GaAs at these temperatures [135]. In the case of the uninsulated emitter in (a) there is a
contribution from the Schottky barriers formed at the Au/GaAs and Pb/GaAs interfaces
as well as emission due to diffusion. These emitters show reduced performance when the
temperature is decreased below 200 K. This follows the temperature relationship of the
Au/GaAs Schottky barrier height [136]. Between 50 K and 100 K the peak-to-peak THz
emission remains consistent, experiencing a small rise in output. This coincides with the
temperature region in which carrier mobility reaches its peak values and Schottky barrier
height approaches its minimum values [135, 136]. These results suggest that for the DM
emitters the Schottky effects dominate the emission at room temperature, whilst at low
temperatures the carrier mobilities allow the LPD effect to become dominant. These
temperature characteristics mean that the operating conditions of the devices should be

considered prior to fabrication to achieve the best function possible.

For a comparison further DM emitters were fabricated using metal pairings of Au/Al
and Cu/Cr, which were chosen due to their differing work functions and skin depths
in the THz range [74, 116, 127]. The thickness of each of the metals deposited was
kept at 60 nm with a 5nm Cr adhesion layer between the Au and semiconductor. The
peak-to-peak emitted THz was measured for the same temperature range as before and
the results are shown in figure 4.13 along with the results for the Au/Pb emitter for
a direct comparison. The Au/Al emitter demonstrates a consistent peak-to-peak THz
emission throughout the temperature range, varying in output by only 48 %. The Cu-Cr
and Au-Pb emitters show the highest peak-to-peak THz output of the double-metal
emitters at room temperature. The Cu/Cr emitter also exhibits the largest peak-to-peak

output between the temperatures of 140 and 180 K.

4.4.5 Characterisation of metals

To investigate the effects of the different metals on the emitted THz, each of the metals
used in the DM emitters were separately fabricated to form single edge LPD emitters.

These were aligned in a similar TDS setup without the cryostat present. For each emitter
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Figure 4.14: TDS scans for each of the single edge emitters. Au, Pb, Cu, Cr
and Al are represented by the dark blue, green, red, light blue and purple lines,
respectively. Most of the metals show similar emission strength suggesting the
Au/Al and Cu/Cr emitters are primarily Schottky driven.

an objective lens was used to focus the pump beam onto the metal edge and spot size
was adjusted to achieve maximum THz transmission. Similar to the DM emitters, they
were aligned without the presence of an Si-lens. Figure 4.14 shows TDS results for the
single edge LPD emitters. The single edge Cu, Cr, Au and Al emitters show similar
output, suggesting that the emission of the Cu/Cr and Au/Al DM emitters is driven
mainly by Schottky effects. Due to a larger skin depth and lower conductivity than Au,
Al and Cu, it was expected that the Cr emitter would show THz output lower than these
and above the Pb emitter. The increased output of the Cr device could be due to the
semiconductor surface quality of the emitters, or may be due to a thicker Cr deposition
than intended. Au shows the strongest emission while Pb shows the weakest emission.
This is to be expected due to Pb having the largest skin depth of the chosen metals in
the THz range [127] and is the reason this metal pairing was chosen for our first DM
emitters. A similar bandwidth and SNR was achieved with the Cu/Cr emitter compared
with the Au/Pb device. As LPD emitters are not subject to the dark current limitations
that photoconductive antennas are and emission scales with area, it would be possible to
improve on this result with access to higher laser powers and by expanding the beam to
a larger spot size. As discussed previously, the Schottky barriers are strongly affected
by the quality of the metal-semiconductor contact [132] which can vary depending on
the oxidation and passivation of the semiconductor surface prior to applying the metal
[137]. We have not used any surface passivation technique in the development of our
emitters to simplify the fabrication process. As this could lead to variation in the emitter
efficiency we fabricated a further two Au/Pb and Cu/Cr emitters and found a variation

of peak-to-peak output of 10% between similar emitters.
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Figure 4.15: Temperature dependence THz-TDS scans of an Au/Pb DM emitter
fabricated with no insulating layer ranging from 4-300 K. Figure (a) shows the
individual THz-TDS of detected current with time superimposed with each other
over the range of temperature. Figure (b) shows the same data as figure (a) as
a two dimensional image of detected current against temperature and time.
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Figure 4.16: Temperature dependence THz-TDS scans of an Au/Pb DM emitter
fabricated with an SiOs insulating layer ranging from 5-250 K. Figure (a)
shows the individual THz-TDS of detected current with time over the range of
temperature. Figure (b) shows the same data as figure (a) as a two dimensional

image of detected current against temperature and time.
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4.4.6 Temperature dependent polarity flip

A polarity flip of the emitted THz radiation was observed for both insulated and
uninsulated emitters between 80 K and 120 K. Polarity flips in SI-GaAs have previously
been observed to demonstrate a dependance on the polarisation of the exciting beam
due to an enhanced electric field at the Au/GaAs interface [115]. The flip in polarity
was attributed to competing THz emission mechanisms such as Schottky emission. The
polarity dependence for the uninsulated Au/Pb emitter is shown in figure 4.15 and the
same dependence for the insulated emitter is shown in figure 4.16. For the uninsulated

emitter the main pulse peak is shown to shift by ~500fs betweek 200 K and 100 K.

Comparing figure 4.15 (b) and figure 4.16 (b) directly we see that an increase in signal
amplitude occurs at 2 ps for the temperature range of 50-100 K without being shifted
in time. This rise in output is attributed to the increased photo-Dember efficiency due
to carrier mobility as it is evident in both the uninsulated and insulated emitters. The
polarity flip is evident both in the uninsulated and insulated Au/Pb emitters as well as
the Cu/Cr emitter. Several tests were carried out to identify contributing factors to the
polarity inversion. The polarisation of the pump beam, the fluence upon the emitters and
the wavelength of the laser were varied, however, the polarity flip remained evident and

unchanged in all cases. The single edge Au LPD emitter was also mounted in the cryostat

THz signal (a.u)

_4 1
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Figure 4.17: Time domain scans for a single edge Au emitter at three different
temperatures. The red line shows the THz TDS scan at 240 K. As temperature
is reduced the signal gradually decreases to the level shown by the green line
at 60 K. Below this temperature the polarity reverses and amplitude gradually
increases to the large, inverted signal at 4 K shown by the blue line.
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to test for a polarity reversal. Figure 4.17 shows the resulting TDS measurements at 4,
60 and 240 K. The polarity reversal is still evident in all single emitters utilising only
one metal. This suggests that the flip in polarity is linked to some intrinsic property
of the SI-GaAs semiconductor competing with THz emission. Nakajima et al., [138]
found evidence for polarity reversal with temperature in bare InP surfaces. This was
attributed to competition between the drift current caused by the surface electric field
and diffusion currents due to the LPD effect, where at low temperatures the diffusion
dominates causing a flip in signal polarity. This is not completely applicable in the case of
the DM emitters as there is the Schottky effect on the surface fields from the presence of
the metals. However, competing mechanisms would explain why the uninsulated Au/Pb
emitter exhibits a lower THz output than the insulated Au/Pb emitter in the region
where electron mobility is at its highest value. Only the Au/Al DM emitter did not
exhibit a polarity flip with temperature. This may be due to the similar skin depths of
Au and Al, their differing work functions, or could be an attribute of surface quality of

that particular emitter.

4.5 Optimisation

As mentioned previously, Schottky effects can be insulated against by a layer a few nm
thick [121]. As such, it is possible that the 5nm Cr adhesion layer applied beneath the

Au would be masking the work function of Au with the lower work function of Cr. To
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Figure 4.18: Time domain scans for the same Au/Pb emitter without (blue line)
and with (orange line) an AR coating applied. The coating enhanced the pump
beam absorption of the emitter, allowing a ~7% increase in THz output.
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investigate these effects a further fabrication of Au/Pb emitters were made without the
Cr adhesion layer. As the Au would experience a reduced adhesion, the Pb was applied
during the first stage of photolithography to prevent exposing the Au to damage. After
fabrication the output of these emitters were compared to one of the previous generation
in a typical THz-TDS setup. The results showed similar THz output to the emitters
with a Cr adhesion layer. Due to uncertainty in surface quality and reduced adhesion of

the Au it is difficult to quantify if the removal of the Cr layer had any affect.

THz emission is dependent on the pump beam power, so stronger absorption of the
pump beam by the semiconductor will result in greater emission. A method of enhancing
the absorption of the pump beam is by applying an anti-reflection (AR) coating to the
surface of the emitter. A 134nm thick layer of SiO9 was deposited onto the surface of
an Au/Pb DM emitter to act as an AR coating for a pump wavelength of 780 nm. To
test the effectiveness of the coating 100 mW of pump beam was directed at a piece of
bare GaAs and the reflection was captured by a power meter. The was repeated with a
bare patch on the AR coated emitter and the reflected beam power was found to have
reduced by ~10%. Whilst this is a long way from being an ideal AR coating it does show
reduced reflection and would work as a benchmark for future processing. THz scans
were performed on the same emitter before and after deposition of the AR coating with
a pump power of 150 mW and the results are shown in figure 4.18. From this a small
(~7%) enhancement of the emitted THz can be seen from the AR coated emitter. This
enhancement is comparable to the reduction in reflection of the device and an improved

AR coating could lead to significant improvement of DM emitters output.

4.6 Graphene DM emitters

In recent years there has been evidence for THz emission from many different materials
such as; ferromagnetic films [85], black silicon [139] and vertically aligned InN nanorods
[86]. THz emission has also been observed in graphite flakes [140] and even from graphite
in the form of a pencil drawing [141]. It is these observations which has led to the
current interest in graphene as a THz device. Graphene is composed of a single layer
of carbon atoms arranged in a hexagonal “honeycomb” lattice. The structure itself
allows the charge carriers to have high mobilities and show ballistic transport at room
temperatures, leading to their title of massless Dirac fermions [142, 143]. IR and THz
spectroscopy has been used to characterise graphene [144, 145] and many devices for
the absorbtion and photodetection of THz based on graphene have also been created,
including; graphene micro-ribbons [146], transistor based photodetectors [147], dielectric
slab structures for tunable absorbers [148] and many devices which utilise plasmonics
and metamaterials in their function [149-151]. Emission of THz from graphene devices
is an area which is yet to be fully explored. Due to the comparable mobilities between

electrons and holes in graphene, it is unlikely that the dipole necessary for LPD emission
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Figure 4.19: Initial THz-TDS scans for DM emitters fabricated on single layer
graphene. The TDS measurements is shown in (a) with its corresponding
spectrum shown in (b). The signal produced is small and barely above the
noise floor due to the low absorption of the optical pump by the graphene in
comparison to bulk GaAs.

could form. Therefore, THz emission from graphene is usually attributed to the photon
drag effect, where photon momentum is transferred to an electron causing a net current
in the material [152]. This effect has been observed in graphene monlayers [153] as
well as carbon nanotubes [154]. Though restricting to the LPD effect the similarities
in mobility could be exploited by Schottky contacts, making the DM emitter design a
possible solution for THz emitters fabricated on graphene. A similar concept of using
two metals with different work functions was explored by Mueller et al., for use as a
photodetector [155]. In this case two metals mere fabricated as interdigitated finger
electrode structures on top of graphene and the differing work functions were exploited

to measure a photocurrent generated by a 1.55 pm laser.

Monolayer CVD grown graphene was sourced from the company 2D-tech. The
graphene was deposited on a z-cut quartz substrate as this exhibits very low loss at THz
frequencies so can be used in a transmission THz-TDS setup without attenuation [5,
156]. The metal pairing of Au/Pb was fabricated in double-metal strips on the surface of
the graphene. This was then coated with a PI layer to protect the Pb from oxidisation.
The resulting DM graphene emitter was aligned within a linear THz-TDS setup, the
resulting scan is shown in figure 4.19. The TDS scan in figure 4.19(a) shows a THz pulse
generated from the graphene. The amplitude of the emitted pulse was over an order of
magnitude lower than that observed from DM emitters on SI-GaAs. Figure 4.19(b) shows
the relating fourier transform of the time-domain data. The emitter exhibited poorer
bandwidth and a much lower SNR when compared to DM emitters on semiconductor,
though this could be due to higher frequencies being indistinguishable from the noise floor.
This low output in graphene DM devices is attributed to the pump beam absorption.
Visible wavelength absorption of graphene is high (at around 2.3%) considering the
atom-thin nature of the material, but for a device this is still quite weak [157, 158]. The

pump absorption could be increased by using multilayer graphene, leading to higher
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THz output, though increasing the number of layers has been known to reduce carrier
mobility [159]. The absorption of 800 nm light is around 68% for GaAs [160]. If graphene
absorption could be brought into line with this, and the conversion of the pump beam
to THz output in graphene remained linear with pump absorption, we could expect an
increase in output of around 30 times. However, though mobilities in suspended graphene
are high the mobility can be reduced significantly when graphene is applied to a substrate
[161], something that would need to be taken into account for future fabrication. A
single LPD emitter was also fabricated on monolayer graphene, however this yielded no
detectable THz emission. This is attributed to the similar mobilities of electrons and
holes in graphene meaning a substantial charge separation cannot form from diffusion
alone and so the emission of the DM-graphene emitters are highly dependent on the
Schottky effect. Varying the fluence on the graphene emitter yielded little change in the

output or spectrum, so this device could not be fully characterised.

4.7 Conclusion

In this chapter I demonstrated a new multiplexed emitter which utilises the LPD effect
coupled with the Schottky effect to produce THz emission. These emitters rely on a
double-metal structure formed of metals with different skin depths and work functions
to engineer the LPD effect and band bending from Schottky contacts and provide an
emitter which does not require any focusing element for the pump beam. Moreover,
THz emission from DM emitters has proven to be unaffected by emitter angle with
respect to the pump beam, making these devices ideal for use as drop-in components in
existing setups. These devices are easy to fabricate and do not require an electrical bias
so are robust and will not suffer from electromigration effects. Due to surface quality,
similar devices showed a 10% variation in output, therefore the strength of emission is
difficult to predict without first fabricating the devices. Emission at room temperature is
primarily Schottky driven, though carrier diffusion and the LPD effect dominate at low
temperatures. These devices perform well at low temperatures in the range of 50-80 K
and so could be easily used in cryogenic applications where alignment may be restricted.
DM structures were also patterned onto monolayer graphene. Very weak emission was
measured from these devices and was attributed to the low absorption of the pump beam

and reduced carrier dynamics for graphene on a substrate.

DM emitters on SI-GaAs show bandwidth comparable to a PC antenna and good
SNR. As LPD emitters are not subject to the dark current limitations that PC antennas
are and emission scales with area, it would be possible to improve on these results with
access to higher laser powers and by expanding the beam to a larger spot size. There
is also scope for possible further improvement with different metal pairings that may
optimise both the Schottky contacts and the LPD effect. The coating to prevent the
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metals oxidising can also double as an anti-reflection coating to increase pump beam

absorption and enhance THz emission even further.

A similar nano-scale bi-metal type device, the TeraBlast, is currently being marketed
by Protemics GmbH aimed towards the near field imaging market. However, the function

of these devices is attributed solely to effects of the metal work functions.






Chapter 5

Terahertz beam steering and

focusing

In the previous chapter I demonstrated a THz emitter which utilises both the LPD and
Schottky effects to produce observable radiation without the need for focusing optics or
complex alignment. The device is formed of overlapping strips of two different metals
on a semiconductor to engineer the reflectivities and work functions and achieve net
THz emission. I characterised these emitters and investigated the use of different metal

pairings to improve their output and performance at various temperatures.

In this chapter I show that the emitted THz can be controlled and focused through
manipulation of the infrared pump beam. As the DM emitters do not need any focusing
optics for the pump beam it is possible to exercise a lot of control over the THz emission
itself through shaping of the optical pump beam wavefronts. I show that it is possible
to focus the THz emission directly onto the detector without the need for lenses or
parabolic mirrors, proposing a lensless, compact spectrometer system. I also demonstrate
circular DM emitters with a radial polarisation profile, showing that DM emitters could

be designed for various applications.

5.1 Introduction

Over the past decade focus has begun to shift from generating THz radiation to controlling
and guiding it, as this will be necessary for bringing THz technology to the consumer.
Many methods for controlling THz once emitted have been investigated, including paper
lenses [162] and tunable graphene metasurfaces [163]. Tsurupica (plastic) lenses which
can focus both optical and THz light are now commercially available from companies
such as Tydex and Menlo Systems. Work has also continued developing ways of efficiently

coupling THz radiation into waveguides. THz can be guided along metal wires [164—

75
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Figure 5.1: Diagram of beam steering. The optical pump beam (shown as red)
is incident on a photoconductive antenna at angle 6;. THz (shown as green) is
first emitted at 1 before being emitted at 2. This introduces a phase delay to
the THz wavefront, causing it to be emitted from the surface at angle 6,=0;.

166], dielectric waveguides [167] and waveguides which combine metallic, dielectric
and air components [61]. Other techniques for guiding and manipulating THz have
utilised plasmonic structures, including; ultasubwavelength plasmonic waveguides [168],

polarisation rotators [169], absorbers [149] and structures for THz collimation [60].

Aside from optics and waveguides, ways of controlling THz without the need for extra
components have also been explored. These focus primarily on the manipulation of the
exciting pump beam as it generates the THz pulse. It has been shown that changing the
incident angle of the pump beam gives control over the emission direction of the THz
radiation [170] and it has also been noted that it is possible to control the focus of the
THz beam through manipulation of the optical pump beam [171]. This effect occurs
due to the way the pump beam interacts with the semiconductor and is illustrated in
figure 5.1. The pump beam frees carriers in the semiconductor which then radiate THz.
If the pump beam wavefront approaches at an angle, €, to the semiconductor surface
normal then THz will be excited first at position 1 before position 2 introducing a phase
delay along the THz wavefront generated. If the distance between 1 and 2 is greater
than the THz wavelength then the phase difference will be sufficient to cause the THz
to be emitted at an angle similar to 6 [170]. This principle can also be applied to the
focusing described in [171], and a diagram of this is shown in figure 5.2. When light is
focused by a lens the wavefronts become curved in proportion to the focal length of the
lens. Exciting an emitter with a curved wavefront would induce phase delays across the
beam and result in a THz wavefront with the same curvature as the pump beam. The
curved THz wavefront would come to a focus near to where the pump beam would have —
the focal point of the lens — providing the pump beam spot size on the emitter is larger
than the THz wavelength generated.

Without the need for focusing elements for the pump beam to operate and the possibility
for size scaling, DM emitters are ideal candidates for characterising beam focusing effects
by manipulation of the pump beam. As they do not require a bias it is also possible to

locate them close to the detector without fear of parasitic coupling effects. This could
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Figure 5.2: Example of the beam focusing mechanism. The pump beam is
focused by a lens causing a curvature of the wavefronts and a phase difference
across the beam. As the emitter is excited THz wavefronts are emitted with a
corresponding phase difference, causing the THz to focus where the optical beam
would have. The diagram shows the THz being directly focused on to a receiver.

allow a system as shown in figure 5.2 with no THz optics required. With current use of
diode lasers for synchronous THz generation and detection [172, 173] it would be possible

to develop a lensless, compact spectrometer for material characterisation.

5.2 A simple model

A simulation based on the Huygens priciple of wavefront propagation was created in
Matlab to model the interference of multiple THz wavefronts with a phase difference. An
array of sources emitting at 2 THz were modelled along the y-axis from y=-15 to +15
cm, with a period of 15 um, to represent the dipoles formed at each double-metal strip.
A phase delay was introduced between the sources to model excitement by a focusing
pump beam with radius of curvature of 10 cm. The electric field contribution from each

source was calculated using,
E(z,y) = Eo y_ A(y) exp [ikR;(z,y)] (5.1)
J

where Ej is the electric field and Rj(z,y) = (/2? + yj2 is the distance of the calculation

point j from the center of the beam, and y; is the location of the 4t source from the
center of the y-axis. A(y) describes both the amplitude and phase terms of the calculation
by,

Phase term

—_——~

Aly) = exp B’Q] exp [Q’H (5.2)
]

Amplitude term
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Figure 5.3: Simple model results for beam focusing. In (a) individual point
sources are modelled along the y-axis at x=0, from y=-15 to +15 cm. They
emit at 2 THz with a phase difference which would be induced by a 10 cm focal
length lens. The THz produced then comes to a focus at 10 cm from the emitter.
Figures (b) and (c) show the focusing effects at 250 GHz for different illumination
spot sizes. In (b) point sources emit from y=-6 to +6 cm and the field reaches a
focus at 10 cm from the emitter. In (¢) point sources emit from y=-7.5 to +7.5
cm. In this case the width range of the emitting sources provides insufficient
phase difference to cause focusing, and only diffraction is observed.
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IR lens Knife Edge Lock-in (7]

THz lenses Detector

Emitter

Figure 5.4: Diagram of the beam focusing setup. The optical pump beam (shown
as red) is first expanded to a large diameter before being focused by an 88.3 mm
focal length lens. The DM emitter is positioned along the focusing beam. Two
Tsurupica THz lenses are used to capture the emitted THz (shown as green) and
guide it to a focus on the detector. Knife edge measurements are made along
the THz beam and the signal measured by the lock-in is noted.

where D is the diameter and f is the focal length of the lens. The results of this model
are shown in figure 5.3(a). The phase difference between each source induces a curvature
to the THz wavefronts relating to the focal length of the lens. This curvature causes a
focusing of the THz at a distance of 10 cm from the emitter, a distance equal to the focal
length used. This simple model shows how changing of the pump beam can directly affect
the emission of THz and the properties of the beam. For the THz to come to a focus the
phase difference between the dipoles formed must be adequate. The number of dipoles
excited must be sufficient to achieve focusing over a range of frequencies. Figure 5.3(b)
shows a situation where range of sources emitting at 250 GHz was increased to cover
y=-6 to +6 cm. The field comes to a focus again at 10 cm from the emitter. By reducing
the width range of the emitting sources we limit the focusing effects at lower frequencies,
as the width range becomes close to the emission wavelength. Figure 5.3(c) shows the
same case as (b) but with the range reduced to y=-7.5 to +7.5 cm. In this instance
the width range of the source is insufficient to produce a focus at 250 GHz and only
diffraction effects are observed. To observe focusing experimentally the pump beam must
be expanded to a large size and a lens of appropriate focal length must be used to achieve

the required illumination width on the emitter.

5.3 Experimental results

Several large area Au/Pb DM emitters measuring 2 cm by 2 cm were fabricated. Figure 5.4
shows the linear THz-TDS setup that was created for the beam focusing measurements.
The parabolic mirrors were replaced with a rail, with the emitter and detector facing each
other and optics positioned to slide along the rail for alignment. The output from a 100 fs,
80 MHz Ti:sapphire laser was split and used as both the pump beam and probe beam.

The pump beam was modulated by an optical chopper and expanded to a diameter of
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~2.5cm. The expanded beam was then focused by a lens with an effective focal length
of 88.3mm. This size of pump spot and focal length of the lens was calculated to achieve
a radius of curvature which would result in an z value of 1.75 mm, a value significantly
larger then the THz wavelengths produced and sufficient to produce observable focusing
of the THz emission. The large area emitter was placed at 37 mm from the lens, which
formed an 11.8 mm optical pump spot width on the emitter. The emitted THz radiation
was collimated by a Tsurupica lens and focused by a second Tsurupica lens onto a
photoconductive antenna acting as receiver. The pump and probe beam powers were
500 mW and 7mW, respectively. Knife edge measurements were made at 3 mm intervals
along the THz beam between the emitter and first T'surupica lens using a blade mounted
on an x-y translation stage. The transmitted THz amplitude was read from a lock-in
amplifier and the position of the knife edge was recorded from the x-y stage. The results
in figure 5.5 show the 1/e? diameter of the THz beam against distance from the emitter.
The spot size decreases to a focal spot radius of ~1.3mm at a distance of 50 £ 3 mm
from the emitter, a total of 87 + 3mm from the lens, which is close to the focal length

of the lens.

After the initial knife edge characterisation the rail set up was altered to resemble the
setup in figure 5.2 with no optics between the DM emitter and photoconductive detector.
The system was aligned so that the focus of the THz beam would fall on the detector.
This was then adjusted to produce the largest detectable THz signal and a TDS scan was
taken. Figures 5.6 (a) and (b) show the resulting TDS and frequency spectrum from this
configuration respectively. The emitter exhibits reduced bandwidth in this configuration,
achieving only around 1 THz. This is most likely due to the focusing conditions of the
beam, with possible improvements by using much shorter focal length lenses to focus the
optical pump beam onto the emitter to achieve a smaller focal spot size. Other reasons
for this may be due to the size of the optical spot on the emitter limiting performance.

To focus to a pump spot size considerably larger than the THz wavelengths means the
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Figure 5.5: Resulting measurements of the 1/e? spot size of the THz beam
with distance from the emitter. The minimum spot size of the THz beam was
measured to be ~1.3 mm at a distance of 87 + 3mm from the lens. This is close
to the focal length of the pump beam lens, 88.3 mm.
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Figure 5.6: Figure (a) shows the TDS scan with the emitted THz directly focused
onto the detector through manipulation of the optical pump beam. Figure (b)
shows the relating frequency spectrum of the TDS trace.

optical fluence across the emitter is vastly reduced. Therefore the higher THz frequencies

may be present but at much lower amplitude than the noise floor.

These results give evidence for direct focusing of THz by manipulation of the pump
beam as suggested in [171]. Due to the pulse energies available with the laser it was
necessary to position the emitter at a point where the optical fluence was sufficient to
produce measurable THz emission and an observable focal point. With higher pulse
energies available from a laser amplifier, it would be possible to use a larger IR spot size
on the emitter to measure a more prominant focusing effect. With higher energies it
would also be possible to perform pinhole scanning along the THz beam to determine the
mode profile of the beam and also characterise the bandwidth, showing any chromatic
abberations present. Such focusing could be used to develop TDS systems in which there
is no need for parabolic mirrors or THz focusing lenses, as well as offering opportunities
for directly focusing the emitted THz into a waveguide or QCL and tuning the focal

freqeuncy to match.

5.4 Circular emitters

With recent interest in coupling of THz into waveguides it is becoming more important
to take into account mode matching for efficient coupling. Several techniques have been
explored for transferring free-space propagating THz into a waveguide, including using
a coupling wire perpendicular to the waveguide [165, 174, 175], etched grooves in the
waveguide [164] or generating the THz between the wires of a two-wire waveguide [166,
176]. This is a developing area not just for communications and data transfer, but
also for improved sample measurement in TDS systems [177]. Directly matching the
mode profile of the emitter to the waveguide could improve coupling losses and system

efficiency. However, to develop photoconductive antenna capable of different modes and
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polarisations requires fabricating complex electrode arrangements to ensure no short
circuits, as well as having to mask certain areas of the device to selectively prevent
generation of carriers [53, 122, 165]. Without the requirement for electrical biasing or
masking, DM emitters provide many possibilities for tailoring their design to meet the

requirements of the waveguide.

A circular DM emitter was designed to produce radially polarised THz emission which
would be optimal for coupling into a dielectric coaxial waveguide due to its symmetry [53].
The design for this emitter is shown in figure 5.7(a) where 7 pm wide overlapping rings of
Au and Pb are fabricated on top of a semiconductor over a period of 21 ym. Compared
to the electrode design for a circular PCA (figure 5.7(b)) the DM emitter design is
much simpler and easy to fabricate and still produces radially polarised THz of the form
demonstrated in (c¢). This device was fabricated on SI-GaAs and was characterised in
a typical linear TDS setup. Due to limitations in the laser power available, the entire
emitter could not be illuminated and characterised through pinhole scanning. However,
TDS scans were taken over different areas of the fabricated circular DM emitter to
determine if the polarisation profile was radial, as illustrated in figure 5.7(c). Figure 5.8
shows the results of these scans. Translating the pump beam spot to opposite areas of the
circular emitter produces THz with opposite polarity. For positions 3 and 4 the emitter
had to be rotated by 90° so that the emitted polarisation was in the same plane as the
detector. If the entire emitter were to be illuminated this would produce emission with a
radial polarisation. The green line in figure 5.8(b) shows the resulting TDS scan taken
when illuminating the center of the circular emitter. In the far field, radial polarisation
will cancel out and it is this effect that the THz-TDS system measures. The small signal
we do measure is due both to non-uniformity in the semiconductor and possible slight
misalignment in the setup itself. In close proximity to, or butt coupled with a dielectric
coaxial waveguide the radially polarised THz generated by the circular DM emitter

would be transferred into the waveguide efficiently. Coupling of photo-Dember emission

(b) = (c)

@Au m

Pb

Figure 5.7: (a) shows a schematic of the circular DM emitters. Overlappping DM
rings of Au (yellow) and Pb (light grey) are fabricated onto SI-GaAs (dark grey).
In (b) an example of the electrode structure necessary for a photoconductive
emitter to produce the same polarisation emission. (c) shows the expected
polarisation mode of these emitters, with the arrows describing the direction of
the THz field. (b) and (c) are taken from [53]

(a) GaAs
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Figure 5.8: (a) shows an illustration of the points illuminated on the circular
DM emitter. In (b) the results of TDS measurements taken at these respective
points are shown. For opposing positions the polarity of the detected THz is
seen to flip. For positions 3 and 4 (inset) the emitter had to be rotated by 90°
to ensure the emitted polarisation plane was in the same axis as the detector
so that a signal could be read. For the central position 5 very little signal is
recorded due to opposing polarisations cancelling in the far field.

to coaxial waveguides has already been shown through near field scanning techniques.
With the ease of fabrication for DM emitters it would be possible to produce designs
which would generate various polarisation patterns and mode profiles. With control over
the pump beam and emitter design it may also prove possible to generate circular and

elliptically polarised THz.

5.5 Conclusion

In this chapter I have investigated the beam steering properties of DM emitters. I have
demonstrated a simple model based on the Huygens principle of wave propagation which
predicts the focusing of a THz beam through control of the phase of the excitation. I
have shown experimentally with knife edge measurements that the THz beam comes to
a focus at a point equal to the focal length away from the lens used to focus the pump
beam. Without the need for optics to control the THz beam it is possible to focus the
emitted THz directly on to the detector through pump beam manipulation. By using
DM emitters which do not require a bias it is possible to position the emitter close to
the detector without concern for interference from unwanted electric fields. This could
enable the design of a compact spectrometer unit requiring only a laser to function, with
the possibility of utilising diode lasers enabling a compact, transportable unit for THz

spectroscopy.

I have fabricated a circular DM emitter and shown experimentally that the polarity

of the emitted THz exhibits a radial polarisation. The DM emitter design also allows
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for unique structures to be fabricated, making it possible to engineer different emission
polarisations and mode profiles. Using double-metal elements means there is no need for
complex electrode designs or masking, so fabrication can remain simple. By tailoring the
emission of THz devices and utilizing the beam steering and focusing methods, it would

be possible to adapt emitters for use with waveguides for transmission of THz.



Chapter 6

Conclusion

The work presented in this thesis explores the suppression of dipoles formed from lateral
diffusion currents by the presence of a metal mask and ways of enhancing devices based
on this effect through multiplexing. Initially inspired by the work of Klatt et al., [79, 105,
106] who demonstrated THz emission from lateral diffusion currents, through computer
simulations and experimental verification Mark Barnes, Duncan McBryde and I were
able to propose an alternate explanation for the LPD effect relying on suppression of
dipoles due to reflection from a metal mask. In this thesis I have built upon the LPD
dipole suppression theory to create multiplexed LPD devices capable of producing THz

emission of comparable bandwidth and SNR to a commercial PCA.

In chapter 2 1 showed through numerical modelling the evolution of carrier diffusion
and drift within a semiconductor. The model showed that no net current could be
produced by diffusion alone. I then incorporated the results of this model into a finite
element analysis program — COMSOL Multiphysics — to explore the effect of the metal
mask on the carrier distributions. The results showed that with a metal mask present the
dipole formed beneath experiences suppression due to reflection from the metal surface,
whilst the uncovered dipole is free to radiate and does so on a picosecond timescale to
produce THz emission perpendicular to the material surface. I showed that without a
metal mask present a quadrupole emission pattern is instead observed, with no THz
propagation perpendicular to the material surface. Next I showed through modelling
that introduction of an insulating layer between the metal and semiconductor has little

effect on the emitted THz for thicknesses significantly below the wavelength.

Next, in chapter 8 I demonstrated a multiplex LPD emitter design consisting of peri-
odic strips of Au deposited on the surface of a semiconductor illuminated via a cylindrical
micro-lens array of period equal to that of the Au strips. I showed computationally the
constructive superposition of multiple THz wavefronts for a multiplexed emitter geometry
and the formation of a THz plane wave. For a fixed optical pump power the emitter is

capable of producing over five times the output of a single edge LPD emitter illuminated

85
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with a single cylindrical lens. The multiplexed device showed comparable bandwidth
and SNR to a commercial PCA, without the need for an applied bias. I demonstrated a
simple fitting of saturation fluences for these devices which support previously published
values. These emitters also show promise of further improving the output by creating a

smaller period array or illuminating an increased area of their surface.

In chapter 4 1 discuss my work in conjunction with Duncan McBryde for developing an
emitter which is unconstrained by the requirement for a micro-lens array. I demonstrated
a double-metal LPD multiplex emitter design which utilises the difference in skin depths
and Schottky barrier heights of different metals to produce THz without the need for
focusing optics. I have fully investigated the temperature characteristics of the double
metal emitters and have shown that the emitter which is insulated against Schottky
effects demonstrates emission that follows the electron mobility temperature dependence,
where as at room temperature emission is primarily Schottky driven. I have shown that
the emission of DM emitters demonstrates a weak sensitivity to device angle with respect
to the pump beam allowing them to be easily aligned and used as a drop-in device for
existing setups. Like the single metal LPD devices in chapter 3, these emitters show
good bandwidth and signal-to-noise with further scope for improvement with different
metal pairings and larger pump spot sizes and fluences. DM structures patterned onto
monolayer graphene were also tested, however THz emission from these devices was
found to be poor. This is attributed to the low optical pump absorbtion of the graphene

and the reduction of carrier mobilities for graphene when applied to a substrate.

Finally, in chapter 5 1 investigated the THz beam focusing and steering properties of
DM emitters. I demonstrated a simple model based on the Huygens principle of wave
propagation to show the focusing of wavefronts with an induced phase delay between
them. I showed through direct knife edge measurements on the THz emission that
focusing of the emitted THz beam can be controlled through manipulation of the optical
pump beam. Due to the DM device not requiring a bias, the setup could be altered so
that the emitter was close to the PCA detector without electrical interference. This
allowed the THz emission to be focussed directly on to the detector through pump beam
manipulation without any THz steering optics. This proves the concept of a possible
compact THz spectroscopy system without optical components for guiding the THz
beam. I fabricated circular DM emitters and showed that they were able to produce
radially polarised THz emission. Control of the THz beam shape, focus and polarisation
allows for enhanced coupling into waveguides through specific engineering to match mode
profiles. With DM emitters fabrication remains simple and easy to tailor for various

applications.
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6.1 Outlook

The multiplex emitters demonstrated in this thesis have great commercial application,
with similar large area devices utilising a repeating bi-metallic structure already being
marketed under the name ‘Terablast’ by Protemics GmbH. Protemics has also filed a
patent application for the device (German patent application: DE102012010926 A1)
though this describes its function as solely Schottky dependent, ignoring the LPD contri-
bution. The device is primarily marketed for near-field imaging or far-field spectroscopy
applications as the lack of bias means there are no parasitic coupling effects present
when aligning close to a detector. This is particularly useful for coupling directly into
waveguides and, with work towards making THz-TDS systems more compact and trans-
portable [173], these emitters will prove extremely useful. Due to their lack of bias there
are no local shorting effects, allowing the emitter to continue to function if part of it
becomes damaged. Photoconductive devices will always have the upper hand in terms
of THz output power but LPD emitters will always find applications in areas requiring

robust, bias-free, scalable operation able to match in terms of SNR.

The focusing effects explored in this thesis also contribute towards the function of
the double-metal emitters. These devices can be operated as an array emitter or a
point source by changing the focus of the optical pump beam. I have also shown the
possibility of a lens-less setup for time-domain spectroscopy. Such a system would prove
to be extremely robust and compact as the emitters need no alignment. Various metallic
patterns can also be utilised to produce arbitrary output polarisation profiles without
concern for electrical shorts. This allows these emitters to be designed with a specific
function in mind. For instance the mode profile of the emitters can be produced to match

that of a device or waveguide to improve coupling efficiency.

The use of QCLs as amplifiers for THz pulses generated by PCA’s has been thoroughly
investigated over the past few years [63, 64]. The future need for simplification of these
systems could require the use of LPD emitters directly seeding a QCL waveguide. The
multiplex DM devices presented in this thesis would be an ideal candidate for patterning
directly onto the facet of a QCL, reducing the size and complexity of a Quantum Cascade
Amplifier system for high power TDS. There has been a lot of recent interest towards
coupling THz pulses into plasmonic waveguides for guiding [63, 107]. Beam steering
and focussing will be key in efficient coupling, and work towards developing new THz
optics from liquid crystals, graphene and polymers is already making headway [178-180]
with a lot of recent interest in THz metasurfaces [60, 134, 181]. Furthermore, difference
frequency generation (DFG) of CW THz has seen a great deal of interest over the past
decade. Whilst primarily this was achieved with PCAs [69, 70] there is now a move
towards passive components such as LPD emitters for coherent THz generation [182]

of which the double-metal emitters would be an ideal candidate. DFG within vertical
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external cavity surface emitting lasers (VECSELs) is also being investigated to produce

THz, as well as intracavity components for THz emission and use in TDS [183, 184].

With their robust, scalable design and a variety of applications suitable for their
operation, I believe the double-metal THz emitters presented here will have a wide

commercial and academic impact in the future.
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