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Abstract

Photoconductive antennas (PCAs) are widely used as terahertz (THz) detectors for
spectroscopy and imaging. However, their relatively low efficiency and sensitiv-
ity often limits the signal-to-noise and measurement capabilities of experimental
systems. By replacing the photoconductive region with an all-dielectric, fully-
absorbing metasurface the efficiency and sensitivity of PCAs is substantially im-

proved.

This thesis describes the design, modelling and experimental testing of highly
absorbing metasurfaces made for the purpose of improving PCAs. Perfect absorp-
tion is achieved through the degenerate critical coupling of Mie modes. By simple
modifications of the metasurface geometry, perfect absorption is obtained across the
wavelength range of near-infrared ultrafast lasers commonly used for PCA excita-
tion. When used as PCA detectors, high signal-to-noise is achieved at unprecen-
dently low excitation powers, and extremely low dark resistance enables high sen-
sitivity detection. Furthermore, when integrated with near-field aperture probes, the
ultra-thin design of such metasurface PCAs could significantly enhance the spatial

resolution and spectral sensitivity of THz near-field systems.

In addition to PCA detectors, this thesis investigates whether GaAs metasur-
faces could be used for THz emission via ultrafast charge carrier dynamics. Perfect
absorption is demonstrated when the metasurface is excited at oblique angles, as
necessary for THz emission and out-coupling. This work suggests the possibility of
efficient, adaptable and integrable THz sources which do not require external bias

for operation.

Finally, this thesis explores whether metasurfaces can enhance absorption in
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low-temperature materials at sub-bandgap energies. It is shown that substantial
improvements in absorption are possible using degenerate critical coupling, even
for materials with very low absorption coefficients. This finding invites the fu-
ture development of efficient PCA detectors that use convenient, turn-key operated
fiber lasers for excitation - enabling cheaper, more functional THz spectroscopy and

imaging systems.



Impact Statement

In this thesis I demonstrate the design, fabrication and experimental characterisation
of fully-absorbing dielectric metasurfaces. These metasurfaces are used to enhance
the efficiency of terahertz (THz) ultrafast detectors, and I also suggest their use as
broadband THz emitters. One of the key obstacles in THz research is the lack of ef-
ficient, sensitive detectors and powerful sources. This work is therefore relevant to
the broad range of THz spectroscopy and imaging applications which require effi-
cient detectors and emitters, such as medical and security imaging, communications
and semiconductor materials research.

The metasurfaces designed in this work have particular potential to improve the
spectral and spatial resolution of THz aperture near-field detectors. Near-field THz
research enables the investigation of sub-wavelength local phenomena: improving
these systems could further the investigation of material systems on the micron
scale, such as biological samples, topological insulators and 2D materials.

Finally, the new understanding of physical mechanisms in highly absorbing
dielectric metasurfaces contributes to fast-growing research on fundamental meta-
material phenomena. Metasurfaces enable the precise engineering of material prop-
erties in ultra-thin layers; in particular, dielectric metasurfaces have the potential to
improve upon and replace bulk semiconductor materials in a vast range of optical
and electronic devices.

This work has been disseminated through the publication of journal articles

and presentations at national and international conferences.
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Chapter 1

Introduction

Terahertz (THz) radiation is electromagnetic radiation of wavelengths 100 GHz — 10
THz, which lies between infra-red and microwave radiation on the electromagnetic
spectrum. Traditionally, THz radiation has been a comparatively unstudied range
of the electromagnetic spectrum (despite its potential uses) owing to lack of high
power THz sources and sensitive detectors [16]. However, developments since the
1980s have accelerated THz research and opened up new opportunities to study

light-matter interactions at this frequency.

THz research is now a large and continually growing field with a wide range
of applications. Photons in this energy range are able to excite molecular and solid
vibrations, enabling the characterisation of material properties. Many electronic
resonances in low-dimensional and quantum systems also typically lie in the THz
region, allowing us to probe interesting charge carrier dynamics and light-matter
interactions [17]. Water is also strongly absorbed at THz frequencies, enabling
biological applications and use for medical diagnostics. Other uses include imaging
for security purposes and astronomy, and potentially expanding the bandwidth of

communication technologies.

When using THz imaging and spectroscopy techniques in the far-field the res-
olution achievable is determined by the diffraction limit, which is a function of the
illuminating wavelength. At visible frequencies this allows imaging down to a res-
olution of hundreds of nanometres. However, the THz wavelength is significantly

longer, limiting resolution to approximately 300 um at 1 THz. As a result, only the
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overall THz response from samples smaller than this can be studied. This poses a
problem for many of the applications where THz imaging and spectroscopy would
prove useful, such as studying biological samples, THz devices and solid-state ma-
terials. By acquiring knowledge about samples on a more local scale, the effects
of the shape and structure of individual features could be probed, giving a more in-
depth picture of the sample under investigation. Near-field microscopy techniques
provide a solution to the problem of diffraction-limited imaging and spectroscopy,

allowing deeply sub-wavelength features to be resolved.

Despite advances in the field, the versatility of THz systems is still often lim-
ited by the efficiency of THz sources and sensitivity of THz detectors, particularly
in the near-field. The research in this thesis aims to improve photoconductive an-
tenna detectors for use in near-field THz systems. In order to further explain the
motivation for this, and the requirements of these detectors, it is necessary to briefly
describe their context. This will be done by first explaining near-field microscopy,
and then THz time-domain spectroscopy, which is commonly used to gain spectro-
scopic information both in the near-field and far-field. This allows us to understand
the system which the detectors in this work are designed for, as it is a combination
of these two techniques. Having provided this context, I will then discuss photo-
conductive antennas - a technology that is used for THz generation and detection
and that will be used for the detectors developed in this project. I will review re-
cent research into improving the sensitivity and efficiency of these devices. Finally,
the topic of dielectric metasurfaces is discussed, in order to highlight the possibil-
ities and advantages of using dielectric metasurfaces in photoconductive antenna

detectors.

1.1 Near-Field Microscopy

Near-field microscopy is a technique which allows us to surpass the diffraction limit
and gain information about samples on a deeply sub-wavelength scale. This is possi-
ble by placing a probe in close proximity to the object under investigation, enabling

evanescent components of the electric field to be detected. These field components
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decay exponentially away from the sample, and are therefore lost in far-field mea-
surements, limiting resolution. The spatial resolution of near-field measurements is
therefore not determined by the illumination wavelength (as in classical imaging)

but by the properties of the near-field probe.

There are several methods for capturing these near-field components which
differ in the type of probe used. One technique is to use aperture probes which il-
luminate or isolate the field in a sub-wavelength sized area. In collection mode, the
aperture is brought close to the object and scans the surface. By placing a detecting
element directly behind the aperture plane, information can be gathered about the
whole object at a resolution defined by the aperture size. Carefully choosing an
appropriate aperture-to-sample distance allows measurement without significantly
perturbing the sample’s electromagnetic response [3]. This has the potential to pro-
duce high signal-to-noise ratio measurements of entire THz devices and samples
on the micrometre scale [18]. At THz wavelengths, apertures as small as 2 um
(A/150 at 1 THz) have successfully been used in collection mode aperture studies
[9, 19]. However, as the aperture size is reduced transmission through the aperture
drastically decreases, meaning apertures smaller than this are impractical [20]. Al-
ternatively, scattering near-field microscopy can be used [21, 22]. In this technique a
sharp tip is brought close to the object and concentrates the field in a sub-wavelength
sized spot of the sample, determined by the tip diameter. The field is usually scat-
tered into the far-field, where it is detected. Whilst much higher resolution can be
achieved (down to 40 nm at THz wavelengths [23]), the scattering efficiency from
the tip into the far-field is often low, resulting in poor signal-to-noise (SNR) lev-
els, as well as large background signals. As a result, these systems often require
even higher power sources and more sensitive detection, as well as demodulation of
the signal at higher harmonics to isolate the near-field information from the sample
[24]. In addition, careful consideration of the tip-sample interaction needs to be

taken into account in order to interpret the near-field signal observed [21].

In this thesis, detectors are designed for use in a collection-mode aperture sys-

tem. Whilst aperture microscopy does not have the ultra-high resolution offered by
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scattering near-field systems, it allows the sensitive investigation of a wide range
of materials and devices on the micron scale. I will focus on this type of near-field

system hereafter.

1.2 Terahertz Time-Domain Spectroscopy

The majority of THz frequency studies use time-domain THz spectroscopy (THz-
TDS). This versatile technique forms the basis of many near and far-field sys-
tems because it provides high signal-to-noise, time-resolved measurements over
the broad THz spectrum, even with relatively low power sources [25]. Given that
THz devices are often developed for use in these systems, THz-TDS provides some
insight into the requirements for THz sources and detectors and is therefore worth
introducing before I discuss the specific THz technologies that will be used in this
project.

Figure 1.1 shows an example set-up. Ultrafast femtosecond near infra-red
(NIR) pulses are split into two paths - pump and probe beams - by a beam split-
ter. The pump beam is incident on a THz emitter, generating a broadband THz
frequency pulse which is several picoseconds in length. The probe beam is used
to gate a THz detector - which is only able to detect THz radiation when activated
by this NIR probe pulse. By adjusting the path length for either the pump or probe
beam, the delay between the pump and probe beam is adjusted - the detector thereby
samples the THz field at different snapshots in time. In this way the full THz pulse
is retrieved in the time-domain, providing both phase and amplitude information. A
sample of interest can be placed in the THz beam path to investigate the effect of the
sample on the THz field. By Fourier transforming the time-domian waveform the
THz spectrum is retrieved. Normalising this to the Fourier transform of the incident

THz pulse gives the spectral response of the sample in question.

Combining THz-TDS with near-field techniques enables sub-wavelength map-
ping of the THz field in both space and time, thus giving imaging and spectroscopic
information at a spatial resolution defined by the probe. In the particular system de-

veloped at UCL [20], the near-field probe is a metallic aperture which is integrated
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Figure 1.1: A typical THz-TDS setup (taken from [1]).

with a THz detector. This system is shown in Figure 1.2.
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Figure 1.2: Aperture near-field THz-TDS system at UCL a) Schematic diagram of the
set-up with close-up on THz region. The sample sits in the near-field of the
aperture-integrated photoconductive detector. A Zinc Telluride crystal is used
as a THz source. b) Example waveform from a resonant sample measured with
the system. By Fourier transforming the time-domain data, spectral informa-
tion is gained.

Several sources can be used for THz emission in this set-up and Figure 1.2

shows a THz pulse (blue) emitted via optical rectification in a Zinc Telluride crys-

tal. The aperture-integrated detector is positioned in the near-field of the sample.

THz waves that are transmitted through the aperture are directly detected behind
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the metallic plane. Time-domain information is retrieved by changing the optical
delay (as usual in TDS), but this information is now specific to an isolated, sub-
wavelength sized region of the sample, defined by the size of the aperture probe. In
addition, by spatially raster scanning the sample with the aperture at a fixed time de-
lay, sub-wavelength-resolved near-field maps of the THz electric field on the sample
surface are formed. Figure 1.3 gives several examples of spectroscopic information
and images obtained with this system, from surface waves on graphene ribbons [2]

to Mie resonances in single TiO, microspheres [5, 26].
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Figure 1.3: Examples of systems studied with THz aperture near-field microscopy: a) Sur-
face plasmon waves on graphene [2]. b) Sub-wavelength complementary THz
resonators as single devices and in arrays of varying periodicity [3]. ¢) Plasmon
excitations in carbon microfibers [4]. d) Mie resonances in TiO, microspheres

[5].

1.3 Photoconductive Antenna Detectors

Photoconductive antennas (PCAs) are very common devices used as both sources
and detectors in THz systems. In their most simple form, they consist of metal-
lic antennas on top of a photoabsorbing semiconductor layer. PCAs can be oper-
ated under continuous wave or pulsed illumination, however here we will focus on

pulsed devices for simplicity, as these are most applicable to systems based on THz-
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TDS. Figure 1.4 shows a simple schematic of a PCA in a pulsed detection mode.
When illuminated with an ultrafast NIR pulse, electron-hole pairs are generated in
the photoconductive layer. In source mode, a bias can be applied across the an-
tenna electrodes to separate the charge carriers and create a photocurrent at THz
frequencies. Alternatively, when operating as a detector, the optical pulse excites
carriers and ‘switches on’ the detector. A photocurrent is generated by an incident
THz field, which is proportional to the THz field amplitude. Carriers are collected
at antenna electrodes for detection. In this way, one can see that PCAs act as both
an optical switch and THz antenna, and therefore require a complex combination of
both optical and electronic properties for efficient operation. In this section I will

further describe these properties (focusing on PCAs for THz detection) and review

how existing research has sought to achieve them.

IR

THz

Figure 1.4: A schematic of a THz PCA.

1.3.1 Requirements for PCA Detectors

The photocurrent measured from a PCA detector is determined by a combination
of the THz field amplitude present and the number of charge carriers available to

respond to the THz field. Therefore, the first important requirement is to have a
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high optical photon-to-charge carrier ratio, making efficient use of the optical gat-
ing pulse. In practice, this means increasing optical absorption in the photocon-
ductive region. Secondly, in order to achieve maximum sensitivity, there must be
a high contrast in conductivity between the state when optical light is present (ON
state) and not present (OFF state). Note that ON/OFF contrast can be improved
both by increasing the conductivity in the ON state, and increasing the resistance in
the OFF state. Finally, the spectral bandwidth of the detector at high frequencies is
largely determined by the carrier lifetime within the photoconductive region. There-
fore, it is necessary that carriers are either detected or recombine on sub-picosecond

timescales.

Satisfying all of these requirements simultaneously is a highly non-trivial prob-
lem. The most obvious way to get efficient PCA operation is to choose a photocon-
ductive material which has beneficial properties. One of the most common materi-
als used for this purpose is low temperature-grown gallium arsenide (LT-GaAs). As
well as having relatively good carrier mobility and high dark resistivity (which are
both beneficial for high signal-to-noise), it also has a very short carrier lifetime as
required for fast response times and large bandwidth. This is due to the high concen-
tration of As related defects (in particular As antisites) which act as deep trapping
centres [27]. GaAs has a high band gap of ~1.43 eV, which is beneficial for high
dark resistivity. However, this also means that only wavelengths below ~860 nm
can be absorbed intrinsically. This is the reason that pulsed systems using GaAs
devices (e.g. THz-TDS set-ups) usually use large Ti:Sapphire lasers that generate
MHz-rate femtosecond pulses at NIR wavelengths (~800 nm). Ti:Sapphire lasers
are expensive, bulky and require very sensitive handling and alignment; Chapter 5
discusses potential avenues for designing PCAs for more functional pulsed lasers.
However, Ti:Sapphire lasers remain the most common lasers used in TDS systems,
so here I will focus on PCAs designed for 800 nm operation, for which LT-GaAs is

the dominant material used.
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1.3.2 Nanostructuring PCAs for Improved Performance

Aside from clever choice of photoconductive material, the majority of recent efforts
to improve PCAs have focused on nanostructuring the device in order to increase
the interaction of the optical beam with the photoconductive region. One of the
most popular tools for manipulating light on this scale is plasmonic nanostructures.
These are metallic nanostructures deposited on the active layer which aim to couple
the incident optical field to a surface plasmon wave. The surface plasmon wave
is highly concentrated close to the plasmonic structure’s edges, thereby strongly

enhancing absorption and generating more charge carriers in this region [28].

In PCAs, plasmonic structures can either be electrically isolated or attached to
the antennae in the form of plasmonic contact electrodes. Plasmonic contact elec-
trodes have the added benefit of modifying the electronic properties of the device
in addition to the optical properties: carriers are collected very efficiently because
they have extremely reduced transit distances. This sometimes improves the carrier
lifetime to such an extent that the deep trapping centres in low-temperature grown
materials are not needed, and simple GaAs can be used as the photoconductive
layer [28]. Plasmonic nanostructures are effective in a variety of different shapes:
as gratings/nanorods [6, 7, 28-31], nanoislands and discs [32, 33], hexagonal de-
signs and many others [34-36]. These nanostructures improve device performance
for both sources and detectors. For example, simple nanorod contact electrodes can
be used to generate 50 times more THz power in PCA sources than unstructured
devices [37]. Plasmonic electrodes have in fact been used to achieve a record high
PCA optical-to-terahertz conversion efficiency of 7.5%, albeit with a complicated
3D contact electrode design [30]. As detectors, interlaced contact electrodes have
resulted in 40 times greater photocurrent in comparison to similar non-plasmonic

devices [7].

Plasmonic structures are often combined with back reflectors such as dis-
tributed bragg reflectors (DBRs) in order to create optical nanocavities which trap
photons in the photoconductive layer [8, 9, 38]. Usually, the thickness of the photo-

conductive region is determined by the absorption length of light (~ 0.8 um at 800
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nm); to enhance absorption it is beneficial to have a thick photoconductive layer.
However, in general for the photoconductive materials used in PCAs, this distance
is larger than the average distance photocarriers travel in the device - for LT-GaAs
with a mobility of 400 cm?/Vs and a carrier lifetime of 100 fs, the approximate
distance charge carriers travel before recombining is only 20 nm [39]. Therefore,
for efficient carrier collection it is preferable to have a thin photoconductive layer to
decrease the length carriers must travel. In order to maximise absorption whilst us-
ing a thin photoconductive layer, light is trapped in an optical cavity. By optimising
the thickness to support a standing wave, sub-wavelength dimensions can be used
without sacrificing absorption efficiency. This technique has been used to develop
PCAs with photoconductive layers as thin as 170 nm [8] - several times shorter than

the absorption length in GaAs [40].

a)

Plasmonic
nano-antennas

Figure 1.5: Examples of plasmonic electrodes and nanocavities in the literature: a)
Schematic of plasmonic nanorods in [6]. b) Schematic and scanning electron
microscope image (SEM) of interlaced plasmonic contact electrodes in [7]. ¢)
Plasmonic contact electrodes incorporated with a DBR nanocavity in [8]. d)
Nanocavity with plasmonic nanoantennas in [9].
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1.3.3 Aperture Integrated PCAs

The use of nanostructuring in PCAs could be particularly useful when integrating
PCAs with apertures for aperture near-field studies (as shown in Figure 1.2). In this
setting we have extra considerations and constraints to take into account. For aper-
ture PCAs the photoconductive region and antenna remain the same, but a metallic
plane with an aperture is placed on the far side of the photoconductive region, isolat-
ing the THz field in the area of the aperture before entering the detector (Figure 1.6).
The aperture probe is sensitive to two different types of electric fields: propagating
fields polarised in the direction of the antenna, E,, and non-propagating, evanescent
fields which are polarised orthogonal to the aperture plane, E,. The mechanism by
which each of these components is detected is different (see [41] for an in-depth
analysis). As a result, the probe is sensitive to the temporal derivative of the field

for propagating waves (%Ex), whereas for evanescent waves the probe is sensitive

to the spatial derivative of the field in the direction of the antenna (%Ez).

IR

THz

Figure 1.6: Schematic of aperture-integrated PCA detector, as used in the near-field system
at UCL (Fig. 1.2).

The aperture size must be sub-wavelength to isolate near-field components and
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retrieve information at the desired resolution. However, this drastically limits the
intensity of the field which is able to couple through - so high detection sensitivity is
all the more important. Given that the wavelength of the THz field is usually much
larger than the aperture cut-off wavelength [20] only evanescent fields can to couple
through the aperture - these field components decrease in intensity with distance
from the aperture plane. However, electron-hole pairs are generated by the optical
beam on the far (antennae) side of the detector. To illustrate the problem this poses,
Figure 1.7 shows the detection of a THz surface plasmon polariton wave (SPP)
travelling along a metal-air interface with a near-field aperture probe. A fraction
of the SPP field couples through the aperture and decays with distance from the
aperture plane. The thickness of the photoconductive layer is thereby constrained
as it is necessary that carriers generated near the antennae are close enough to the

aperture to be sufficiently sensitive to the weak THz field [4].

1300 nm

Layer

Figure 1.7: Schematic of a surface plasmon polariton (SPP) wave travelling along a metal
interface, interacting with a near-field aperture probe.

As previously described, nanostructuring techniques such as plasmonics and
optical cavities have enabled high sensitivity with ultra-thin PCA layers. These
techniques have also been used to improve the sensitivity of aperture detectors in
near-field settings [4, 9]. In the near-field, nanocavities have the added benefit of
blocking transmission of the NIR beam through the structure, which could other-
wise interfere with the sample under investigation.

Despite their successes in both general sources and detectors as well as near-
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field probes, there are several drawbacks to the use of plasmonic structures in PCAs.
Whilst they are very effective at enhancing optical absorption, they have a detrimen-
tal impact on the contrast between conductive and non-conductive states. Adding
metallic structures to enhance absorption may increase the carriers present in the
ON state, but they also increase the conductivity of the device in the OFF state,
reducing the overall contrast and thereby reducing SNR. Furthermore, the use of
metallic (often gold) structures introduces absorption losses and heating of the de-
vice, which limit the optical power that can be tolerated. Adding structures of any
absorbing material, such as gold plasmonic features or dielectric DBRs, also re-
duces the proportion of absorption in the photoconductive region itself. In fact,
in [42] it was found that whilst up to 83% of photons can be trapped in a cavity
using plasmonic structures and DBRs, less than half of these are absorbed in the
photoconductive region itself, meaning the rest of the optical power is effectively
wasted. Finally, the addition of extra structures adds to the fabrication complexity
and thickness of the device. Clearly it would be preferable to have the benefits of
plasmonic structures and optical nanocavities (i.e. high optical absorption in thin
photoconductive regions) without lossy metallic structures which reduce the con-

ductivity contrast.

1.4 Dielectric Metasurfaces

Metamaterials have become an extremely active field of research in recent decades
due to their ability to tailor the optical properties of materials by controlling the
material geometry on a sub-wavelength scale [43]. They consist of periodic, sub-
wavelength sized structures known as meta-atoms, which can be varied in size and
shape in order to manipulate incident electromagnetic waves in a controlled way.
This results in exotic material properties that are not found in nature. In planar
metamaterials known as metasurfaces, these meta-atoms are arranged in a single
layer slab of sub-wavelength thickness which can be conveniently fabricated us-
ing optical or electron-beam lithography. When incorporated into optoelectronic

devices, metasurfaces allow us to design devices with desirable functionalities by
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simply engineering the meta-atom design.

Metasurfaces can be made from both metallic and dielectric meta-atoms. In
metallic structures, light is localised and manipulated using the plasmonic effect
discussed in Section 1.3. Dielectric metasurfaces, on the other hand, operate by
supporting resonances within the dielectric medium itself. For example, Mie reso-
nances can be excited in individual meta-atoms (Figure 1.8), where the size of the
meta-atoms are comparable to the electromagnetic radiation wavelength inside the
dielectric media [44]. As a result, these resonances can be tuned in frequency by
adjusting the geometry of the meta-atom. One can see that if a high refractive index
media is used, dielectric metasurfaces can manipulate light below the free-space
diffraction limit. In comparison to plasmonic resonances, dielectric metasurfaces
can also have strong magnetic responses as well as electric, by supporting both
magnetic and electric dipoles (as well as higher order multipole modes). Several
extraordinary material properties have been demonstrated using dielectric metasur-
faces, such as uni-directional scattering, ultra-high Q resonances and high-harmonic
generation [10, 45, 46]. Dielectric metasurfaces have also been used in applications

such as full colour printing [47], frequency mixers [48] and THz imaging [49].
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Figure 1.8: Mie Resonances in dielectric resonators: scattering spectra of a dielectric nan-
odisk and the radiation patterns of electric and magnetic dipoles. Taken from
[10].

In the past few decades, metasurfaces have been investigated as a method to
achieve enhanced light absorption in optically thin layers [50, 51], and have found
uses in a wide range of applications, from photovoltaics [52—-54] to infra-red sens-

ing [535, 56]. Specifically, dielectric resonators have enabled enhanced [12, 57-59]
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and even full (100%) absorption [15, 60-62] without the use of metallic elements.
This suggests that dielectric metasurfaces are ideal candidates for use in PCAs, as
they have the potential to increase optical absorption whilst reducing losses and po-
tentially improve the dark resistance of the device. In addition, light is efficiently
concentrated in a sub-wavelength thickness without any additional elements such
as back-reflectors. This may increase detection sensitivity, particularly in aperture-
integrated PCAs. The ability to modify the meta-atom shape and design means that
the metasurface can be tailored to suit particular requirements of PCAs, such as
achieving high optical absorption whilst also incorporating conductive channels for
the necessary electronic properties.

Very recently, researchers have started using metasurfaces to improve the per-
formance of PCAs [63]. However, most of these studies have used metallic meta-
surfaces, which have the drawbacks described in 1.3.3. The few studies which
have used dielectric metasurfaces have either focused on improving THz collection
or out-coupling (using non-absorbing metasurfaces) [64, 65] or have used metasur-
faces as anti-reflection coatings [66] and as a means to enhance coupling into optical
cavities using extra elements such as DBRs [12]. Thus far, there has been no studies

achieving full absorption within an optically-thin photoconductive region in a PCA.

1.5 Thesis Overview

This thesis is about the design, fabrication and testing of all-dielectric metasur-
faces for use in photoconductive antennas to detect THz radiation. The use of
all-dielectric metasurfaces allows us to directly engineer both the photonic and
electronic properties of the photoconductive region - without the use of additional
structures or ohmic losses - in order to improve THz detection performance. These
detectors are designed to be used in near-field microscopy systems with the aim of
increasing system sensitivity and spatial resolution.

In this work, it is shown how full optical absorption can be achieved in an

ultra-thin photoconductive region by using degenerate critical coupling of modes.
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By engineering the metasurface through design parameters, enhanced absorption
using this technique is demonstrated across the NIR range where intrinsic material
absorption varies significantly. The metasurfaces are integrated into THz PCA de-
tectors, which demonstrate high sensitivity and improved efficiency by an order of
magnitude. In addition, I show how the metasurfaces can be designed for angular
excitation, enabling THz emission via photo-current transients in the metasurface
layer. Finally, by designing metasurface detectors which operate at the wavelength
of typical turn-key pulsed fiber lasers, this work opens doors to developing near-
field systems which are more robust, more compact and cheaper than current sys-
tems.

The thesis is organised in the following way. Chapter 2 first describes the
physics and operational principle behind the metasurfaces developed in this work.
It then describes, through simulations, how the metasurface properties can be ma-
nipulated and controlled by varying different parameters in the metasurface design.
A physical explanation is provided for the effects observed. Finally, this chapter
demonstrates a selection of metasurface designs which work optimally at varying
wavelengths and for different levels of intrinsic material absorption, showing the
versatility of the metasurface. Chapter 3 demonstrates the fabricated metasurfaces
designed in Chapter 2 and shows their experimentally measured optical character-
istics. An example of the metasurface-integrated PCA detector used in a typical
THz-TDS detection scheme is shown, exhibiting the beneficial properties of the
metasurface for this application. Chapter 4 describes the design of a metasurface
for angular excitation and thereby THz emission. Chapter 5 discusses a metasur-
face design for a terahertz detector which operates at telecom wavelengths (around
1550 nm). Light at this wavelength has energies below the GaAs bandgap, creating
challenges for efficient absorption. Despite this, it is still possible to achieve highly
absorbing devices at this wavelength. Finally, Chapter 6 concludes and summarises
this work, and proposes several avenues of future research that could stem from this

project.



Chapter 2

Designing Metasurfaces for

Terahertz Detection

The original concept for the metasurfaces shown in this Chapter was conceived
by O. Mitrofanov and I. Brener. All the metasurface simulations shown here were
carried out by L. Hale. The methods for tuning perfect absorption and final designs
shown in Section 2.3 were devised by L. Hale. Some of the contents of this chapter
have been published in [67]. Permission for the use of this content has been granted

by the publisher where necessary.

As seen in Chapter 1, one of the key requirements for efficient photoconduc-
tive antennas is high optical photon-to-charge carrier conversion efficiency, which
is achieved by increasing absorption in the photoconductive layer. Plasmonic struc-
tures and nano-cavities have led to increased absorption, but not without drawbacks.
As an alternative, dielectric metasurfaces have proven to be effective in enhancing
absorption in a thin dielectric layer without additional structures. Here, we design a
dielectric metasurface to use as the photoconductive region in a THz PCA detector.

Before describing the specific metasurface design it is worth summarising
some key characteristics that the metasurface needs to have for use in a THz de-

tector:

* The metasurface should achieve maximum possible absorption, and should be

adaptable across the wavelength range of typical femtosecond pulsed lasers
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used in THz-TDS systems (700 - 900 nm).

* The metasurface should have photoconductive channels so that generated

charge carriers can be swept to the antennae for detection.

* The metasurface should be made out of LT-GaAs due to its beneficial proper-

ties of high dark resistance and sub-picosecond carrier lifetime.

* For detectors that are to be integrated with near-field probes, the metasurface

should be sub-wavelength thickness for enhanced detection sensitivity.

The following sections briefly describe the theory behind highly absorbing dielec-
tric metasurfaces, and this is then used to develop a metasurface design considering

the specifications above.

2.1 Enhanced Absorption in Dielectric Metasurfaces

It has been both postulated [15, 68, 69] and experimentally demonstrated [60-62]
in recent years that subwavelength dielectric resonators - the building blocks of
dielectric metasurfaces - can achieve complete absorption by exciting two resonant

modes within the structure which satisfy the following three key conditions:
» Resonances must be at the same wavelength (i.e. degenerate).

* Resonances must have opposite symmetries to each other with respect to the
metasurface plane (for comparison, if two modes with equal symmetry are

excited, only a maximum of 50% of light can be absorbed [68]).

» Each resonance must be critically coupled to the incident field. This means

that their radiative loss rate, ¥, must match the material loss rate, § ,i.e. Y= 9.

When these conditions are satisfied, reflection and transmission of the resonator
cancel out to give full absorption. This is known as degenerate critical coupling, and
is the concept used in this work to design metasurface absorbers. An explanation of
the theory behind the requirements for degenerate critical coupling can be found in

Appendix A.
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In order to achieve degenerate critical coupling, the first challenge is to select
appropriate modes that can be directly excited by the incident field. In dielectric
metasurfaces the size of individual meta-atoms in a periodic array can be tailored
to excite Mie modes within each meta-atom. These modes are used in the metasur-
faces designed in this work. It is worth noting, however, that the degenerate critical
coupling theory does not only apply to Mie modes - different modes such as plas-
monic or resonant lattice modes of the entire metasurface have also been used to

show enhanced absorption [48, 54-56, 58, 70-72].

In order to explain the basic metasurface design we consider a unit cell of a
single dielectric cube. In this metasurface we excite the lowest order Mie mode - the
magnetic dipole. The magnetic dipole mode occurs roughly when the width of the
dielectric cube is comparable to the wavelength in the material, A /n. In a symmetric
cube the magnetic dipoles in all polarisations are degenerate. However, when the
cube is excited by linearly polarised light, only the in-plane dipole orthogonal to
the light polarisation is directly excited. This is shown in Figure 2.1a - light with
E-field polarised in the y-direction directly excites the dipole in the x-direction,

denoted M.

To achieve degenerate critical coupling we also need to excite another mode
with opposing symmetry to the My mode. In order to do this, the idea of symme-
try breaking is used [73]. By breaking the unit cell symmetry (with respect to the
incident beam polarisation) of dielectric metasurfaces based on structures such as
cubes and cylinders, this incident field can couple to a mode that previously could
not be directly excited by the incident beam (known as a ‘dark’ mode). These are
sometimes referred to as quasi bound-in-continuum states (BICs) [74]. With this
technique, extremely high Q-factors and field enhancements have been recorded
[45, 75-78]. For the metasurface developed in this work, the symmetry is broken
by adding a bar structure on one side of the cube. This allows coupling of the in-
cident field to the out-of-plane M, mode. Figure 2.1b demonstrates this process,
and the opposing symmetries of the two excited modes with respect to the meta-

surface plane (x-y plane) are shown in Figure 2.1c. The symmetries of the modes
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Figure 2.1: Exciting two Mie modes by symmetry breaking: a) A schematic demonstrat-
ing the fundamental magnetic dipole in a dielectric cube, oriented in the x-
direction. b) Directly excited My mode couples to the out-of-plane M, mode
when a bar is added on one side. ¢) An illustrative diagram showing the op-
posing symmetries of the two modes with respect to the metasurface plane (x-y
plane, shown by dashed line). Red and blue shapes represent the E-field distri-
bution associated with each mode (top row - M, mode, bottom row, My mode).
Blue and red indicate fields polarized in opposite directions.

can be determined by observing the electric field distributions with respect to the
x-y plane. The out-of-plane magnetic dipole has even symmetry with respect to
the metasurface plane as the electric field distribution is symmetrical on either side
of the plane, as shown by the dashed line on Fig. 2.1c. On the other hand, the
in-plane magnetic dipole has odd symmetry with respect to the x-y plane, as the
field is polarized in opposite directions above and below the plane. In addition to
enabling the excitation of the out-of-plane mode, the bar is also necessary for the
electrical operation of the metasurface, as it electrically connects dielectric cubes in
rows, allowing charge carriers excited in the structure to be swept by the THz field

to antennas for detection.

Now that we have a basic design for a metasurface which supports two mag-
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netic dipoles of opposing symmetries, we can explore how to tailor the metasurface
in order to achieve mode degeneracy at a desired wavelength and critically couple
modes to the incident field for full absorption. For dispersive materials such as
GaAs near the interband transition edge (800 - 860 nm), the process of satisfying
these conditions simultaneously is highly non-trivial. Intrinsic material absorption
in this spectral range changes rapidly with photon energy (Fig. 2.2). As a result,
adjusting modal wavelengths changes the absorption loss, d, of the mode, modify-
ing the critical coupling condition. Therefore, if perfect absorption is achieved at
a given wavelength, tuning the metasurface to a different wavelength will neces-
sarily lead to a breakdown of the critical coupling of the modes, thereby losing the
required high absorption. Due to these difficulties, several studies have focused on
developing methods for designing absorbing metasurfaces at a specific wavelength.
Analytic calculations have been used, however this is only possible for certain sim-
ple metasurface designs [15]. More sophisticated methods using genetic optimisa-
tion and deep learning algorithms have been explored as alternatives [79], however
these are often complex and require large pre-calculated sets of training data. Con-
sequently, typical perfectly absorbing metasurface designs are often created by trial
and error, which can be time consuming and does not reveal the underlying physics
of the metasurface. In the following section, I explore the underlying physics of our
particular metasurface design through simulations (Section 2.2). This knowledge is
then used to develop a systematic and intuitive process by which we can tailor our
metasurface design to achieve perfect absorption at a wavelength of choice using
a few key design parameters (Section 2.3). With this method, perfect absorption
is possible at wavelengths across the GaAs bandgap, even when intrinsic material

absorption is very low.

2.2 Understanding Parameter Changes

To explore how each metasurface parameter affects the modes, the metasurface de-
sign is simulated in a commercial finite-difference time-domain solver (FDTD). A

single unit cell of the metasurface is simulated with periodic boundaries, surrounded



2.2. Understanding Parameter Changes 41

014 GaAs
—— FOTD model

0124 m Material data (Palik)
2 014
Q
=
s
a 0.08
O
&)
c
G 006
o
O
£
2 0,04
L

0.02 4

0 T T T
F00 T50 800 850 Q00

Wawvelength (nm)

Figure 2.2: Loss in GaAs: extinction coefficient of GaAs across the bandgap. Multi-
coefficient material model (see appendix B) fitted to experimental material data
from [11].

by a no-loss dielectric of refractive index n = 1.56 to model a typical transparent
substrate (e.g. glass). The structure is illuminated with a plane wave at normal
incidence to the metasurface, polarised in the y-direction (as in Fig. 2.1). More

information on the simulation set-up can be found in Appendix B.

Initially, the metasurface is simulated with fixed material parameters (n =
3.684 and k = 0.01, independent of wavelength) to remove the effects of disper-
sion and solely focus on the effect of parameter sizes on the modal wavelengths. A
lower extinction coefficient is used in comparison to typical values around 800 nm
(x =~ 0.08) in order to reduce the absorption and therefore linewidth of the modes,

so that they are easier to distinguish and track through the parameter space.

Figure 2.3 shows the absorption spectra when a single block is simulated (Fig.
2.3a), in comparison to the block with a vertical bar introduced on one side (Fig.
2.3b). Parameter sizes were chosen in order to position modes within our desired
wavelength range, and the metasurface thickness was 200 nm. When only the block
is present, the lowest order mode can be seen centred around 816 nm. Magnetic field
profiles at this wavelength reveal that this is the My dipole - we see strong magnetic

field enhancement in the x-polarisation, whereas very little magnetic field is present
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in the z-polarisation. In contrast, for the block with added bar, we see two distinct

modes with different field profiles. In addition to the My mode that is now centred at

864 nm, the M, dipole is also excited - identified by enhanced magnetic field at 902

nm in the z-polarisation. Figure 2.4 shows the corresponding electric fields for these

two modes: for the M, mode, the E-field circulates in the x-y plane; whereas for the

My mode, the electric field circulates in the y-z plane (Fig. 2.4b). In both spectra
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Figure 2.3: Exciting Magnetic Dipole Modes: a) Absorption Spectra when a single block

is simulated. The lowest order excited mode (purple line in spectra) is the My
mode as shown by the magnetic field distributions normalised to the maximum
field in x or z polarisation at this wavelength (in this case Hy): Hy/|Hy max| and
H/|Hy max| (purple box). b) Absorption Spectra when a block and bar is simu-
lated. The lowest order excited mode (green line in spectra) is the M, as shown
by the magnetic field distributions normalised to the maximum field in x or z
polarisation at this wavelength (in this case H,): Hy/|H; max| and H,/|H; yax|
(green box). The next excited mode (purple line in spectra) is the My mode
as shown by the magnetic field distributions normalised to the maximum field
in x or z polarisation at this wavelength (in this case Hy): Hy/|Hymqx| and

Hz/|Hx,max’ (Purple box).
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Figure 2.4: Corresponding E-Fields of Magnetic Dipoles: a) M, mode: The magnetic field
in the z-polarisation (from Fig. 2.3) and normalised electric fields Ex and Ey
in the x-y plane. b) My mode: The magnetic field in the x-polarisation (from
Fig. 2.3) and electric fields Ey and E, in the y-z plane, at the wavelength of the
magnetic dipole M.

in Figure 2.3, higher order modes can also be seen at shorter wavelengths. These
correspond to the electric dipole in the y-polarisation and higher order electric and
magnetic modes. These do not overlap with the magnetic dipole modes are not used

for perfect absorption in this metasurface design.

The metasurface is characterised by six key design parameters: the block
width, length and height (Figure 2.5), the bar width (Figure 2.6) and periodicities
(Figure 2.8). In Figures 2.5, 2.6 and 2.8, the absorption was measured for a range
of parameter sizes, and the modes are identified by dashed lines which are a linear
approximation of how the mode wavelength changes as a function of the parameter.
It is noted that in general the modes to not scale exactly linearly with parameter size
and so this approximation should be used as a general guide only.

In Figure 2.5 the absorption spectra are shown when the block parameters are
modified. The effect of increasing the block size in a given dimension is different
for each mode. For all parameter dimensions, increasing the central block size

allows for a larger mode volume to be accommodated and therefore the modes shift
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to higher wavelengths. The modes are affected more by size increase in a given
axis direction if their E-field sits in the plane involving that axis. For example, for
the My dipole the E-field has a circular distribution and is polarised in the y-z plane
(Fig. 2.4). Therefore, increasing the block size in the y or z dimensions will have
a greater effect than increasing the block in the x dimension. As both modes have
their E-field lying in a plane involving the y-axis, it is expected that for a simple
block structure (no bar) both modes would be affected equally by the change of size
in the y-direction. However, the presence of the bar modifies this. As seen in Figure
2.3, the My mode has a greater proportion of its field distributed in the bar, whereas
the M, mode is more centred in the cube. Given that the bar remains the same when

the block height (y-direction) changes, the My mode is affected less.
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Figure 2.5: Central Block Parameters: a) Schematic of the metasurface unit cell. b) Ab-
sorption spectra for varying block width (x-direction). c¢) Absorption spectra
for varying block length (y-direction). d) Absorption spectra for varying block
height (z-direction). Dashed lines demonstrate My and M, modes in the param-
eter space.

Figure 2.6 shows the absorption spectra for varying bar width, b (Fig. 2.6b).
As with the central block, when the bar width increases the area of the structure in
the x-y plane is expanded. The resonant wavelength of the M, mode increases as its

corresponding E-field sits in the x-y plane. For the My mode, although its E-field
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is not polarised in the x-direction, it is also largely affected by the change in bar
thickness, as a larger amount of the mode’s field is distributed in the bar itself. This
is demonstrated in Figure 2.7, where the spatial magnetic mode profiles for a 40
nm bar width structure are compared to a structure with a 100 nm bar width. It can
be seen that - whilst the M; field profile resides mainly in the central block and is
only slightly perturbed by the change in bar width - a large proportion of the M
field resides in the bar. Given that the electric field circulates around the centre of
the magnetic dipole, a larger proportion of the electric field associated with the My
mode will also be distributed in the bar. This proportion increases as the bar width
increases. As a result, in comparison to other parameter changes, the bar width
adjusts the modal wavelengths at remarkably similar rates, making it a desirable

parameter to use when adjusting the metasurface for a different wavelength.
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Figure 2.6: Bar Width: a) Schematic of metasurface unit cell. b) Absorption Spectra for
varying bar widths. Dashed lines demonstrate My and M, modes in the param-
eter space.

Finally, the effect of the structure periodicity is investigated (Fig. 2.8). The
periodicity affects the interaction of neighbouring resonators in the metasurface.
For each periodicity direction, the wavelength of one mode is changed significantly,
whilst the other is less affected. For example, changing the periodicity in the y-
direction corresponds to an increase in the vertical bar length in between neighbour-
ing resonators (Fig. 2.8c). The Mk mode shifts to higher wavelengths, whereas the
M, mode is relatively unaffected, and in fact shifts slightly to lower wavelengths.

This behaviour suggests that the vertical bar helps to guide the electromagnetic
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Figure 2.7: Mode Profiles for Different Bar Widths: Absolute magnetic field profiles for
metasurfaces with 40 nm bar width (a & b) and 100 nm bar width (¢ & d).
Field polarised in x-direction showing My mode profile (a & c) and z-direction
showing M, mode profile (b & d).

energy of the My mode between resonators in the y-direction. By changing the pe-
riodicity in the x-direction we also observe how resonators in parallel rows interact.
Whilst the effect is less prominent than for the y-periodicity, the M, mode is shifted
to higher wavelengths and the Mk mode is relatively unaffected. By observing the
E-field profile in the x-y plane of the M, mode (Fig. 2.4a), it can be seen that the
field extends all the way to the boundaries of the unit cell - suggesting some weak
coupling between M, modes in the x-direction. Given that each periodicity affects
a different mode, we can infer that if both periodicities are changed simultaneously
the modes will shift wavelengths at similar rates.

The information in Figures 2.5, 2.6 and 2.8 is summarised in Table 2.1, where
I quantify the mode wavelength change for a 10 nm change in each parameter value.
For example, the first row shows that both modes shift by 14-15 nm when the bar

width changes by 10 nm.
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Figure 2.8: Periodicities: a) Schematic of metasurface array. b) Absorption spectra for
varying periodicity in x-direction. c) Absorption spectra for varying periodicity
in y-direction. Dashed lines demonstrate My and M, modes in the parameter

space.
Bar Width 14.59 14.72
Block (x-direction) 1.38 9.45
Block (y-direction) 7.98 14.68
Block (z-direction) 15.41 8.40
Periodicity (x-direction) 10.27 -1.19
Periodicity (y-direction) -1.10 6.42

Table 2.1: Rates of mode wavelength tuning (in nm) for a 10 nm change in parameter size.

2.3 Recipe for Perfectly Absorbing Metasurfaces

Having understood how each parameter affects the wavelengths of both modes,

this information is used to develop an intuitive and prescriptive metasurface de-

sign method. This can be done by taking advantage of key design parameters which

are easy to modify in the design and fabrication. The method is split into three

stages: achieving mode degeneracy, tuning operation wavelength and achieving

critical coupling of modes.
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2.3.1 Mode Degeneracy

The first step is achieving mode degeneracy. From Figures 2.5, 2.6 and 2.8 it is clear
that most parameters tune the modes to different extents, and therefore there are
several points of intersection where the modes’ paths cross in the parameter space
and absorption is enhanced. If we do not set a requirement on the wavelength where
the modes are degenerate (as this will be adjusted later), we can achieve the required
mode degeneracy simply by selecting the parameters at one of these intersection

points. In Chapter 3 it is demonstrated how this can be done experimentally.

2.3.2 Operation Wavelength

In order to then tune the modes to a desired wavelength, we can use the information
in Table 1 to decide on appropriate parameters to change. The easiest way to tune
modes simultaneously is by scaling the metasurface in all dimensions. However,
this is impractical because the metasurface thickness is set during the wafer growth
process and scaling in the x-y plane only will lead to loss of mode degeneracy.
Instead, it can be seen in Table 1 that the bar width has the largest and most similar
effect on both modes. Therefore the operation wavelength of the metasurface can
be tuned without loss of degeneracy by adjusting the bar width. Figure 2.9 shows
this process - the simulated absorption spectra for different bar widths is shown for
a design where the two modes are degenerate. The two modes appear as a single
highly absorbing band spanning from 700 - 950 nm. We see the same behaviour
if we take into account dispersion in GaAs (Fig. 2.9b), however in this case we
also observe a drastic variation in peak absorption as the bar width changes. Perfect
absorption is achieved at 800 nm, but quickly drops off toward longer wavelengths.
This is because the intrinsic absorption of the material changes with wavelength
and therefore the absorption loss of the mode no longer matches radiative losses,

and the structure moves away from the critical coupling condition.

2.3.3 Ciritical Coupling

The dispersive material simulations in Figure 2.9b highlight the fact that mode de-

generacy is a necessary, but not sufficient, condition for achieving perfect absorp-
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Figure 2.9: Tuning Metasurface Wavelength with Bar Width: Absorption spectra with
varying bar width when modes are degenerate. a) Constant n, K values are
used for material properties. b) Dispersive material properties are used (Palik
Data [11]).

tion. Once modes are made degenerate and positioned at a desired wavelength (by
tuning the bar width), the critical coupling condition must be realised by balancing
the radiative and absorption losses of the modes. In order to do this, the periodicity
of the structure is tuned in both x and y-directions without adjusting the resonator
and bar sizes. It has been demonstrated in many metasurface systems that the pe-
riodicity alters the collective behaviour of resonators, including the radiative losses
[15, 80-82]. At the same time, for this specific metasurface design, tuning both
periodicities has a relatively small effect on the modal wavelengths (~6% change
in wavelength for a 20% change in periodicity size). We can therefore adjust the
radiative losses of the modes and achieve critical coupling by tuning the periodicity,
without losing mode degeneracy or drastically changing mode wavelengths. Figure
2.10 shows this process for a structure with a 40 nm bar (from Fig. 2.9), where the
periodicity is tuned from 340 nm 440 nm. In this range, peak absorption changes
by ~20% and reaches a maximum of 99.9% at a periodicity of 395 nm.

To illustrate the impact of material absorption, Figure 2.10b shows how ab-
sorption of modes changes with varying intrinsic material absorption. For a set
periodicity and metasurface parameters, the peak absorption first rises sharply as
the extinction coefficient is varied from 0.001 to 0.05. At k = 0.08 the metasurface

exhibits perfect absorption. This value of material absorption corresponds to the
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Figure 2.10: Tuning Radiative Losses with Periodicity: a) Absorption spectra for varying
Periodicity. Dispersive material model used. b) Change in peak absorption
with material extinction coefficient.

critical coupling condition, i.e. the absorption of the modes matches the radiative
loss of the modes. If the material absorption is increased beyond this value, the
structure moves away from the critically coupled condition and overall absorption
of the metasurface decreases despite the increasing k. A similar process happens
when the periodicity is modified in Figure 2.10a, except here the radiative losses

are mostly affected rather than the material absorption.

Whilst the bar width enables tuning of the My and M, dipoles together and
the periodicity allows us to adjust radiative losses, the modes may drift apart dur-
ing these steps for large parameter changes. The impact of mode splitting on peak
absorption varies with wavelength. In the region where intrinsic absorption is high
(800 nm), the mode splitting does not greatly affect peak absorption: we find that
>90% absorption can be achieved after adjusting the periodicity without further
changes. For wavelengths where the intrinsic loss is low, the splitting plays a more
significant role. For example, in Figure 2.9b, the modes visibly split into two sepa-
rate absorption peaks in the region of 950 nm. The difference is due to the linewidths
of the modes. If mode splitting occurs, the modes can be re-matched and absorp-
tion maximised by a process of local ‘particle swarm’ numerical optimization of
the central block width and height in x and y-directions. The block thickness (z-
direction) also affects the mode frequencies, however this parameter is fixed at the

wafer growth stage and it is less practical to adjust during the fabrication process.
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2.3.4 Demonstration of Perfectly Absorbing Designs

Using the three steps outlined in this section, metasurface designs were developed
which achieved perfect absorption at different wavelengths. The optical properties
of two of these designs are shown in Figure 2.11. The first design achieves peak
absorption at 790 nm, where the photon energy is above the GaAs bandgap, and
as a result intrinsic material absorption is relatively high. In contrast, the second
design is centred right at the bandgap edge (860 nm), where material absorption
approaches zero (see Fig. 2.2). Despite this, we can still obtain perfect absorption at
this wavelength by critically coupling the two modes at the same wavelength. The
linewidth of the absorption peak in design Figure 2.11b is significantly narrower
than the design Figure 2.11a. This is because the linewidth is largely determined
by the material absorption at that wavelength - when material absorption is low the

linewidth is narrower.
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Figure 2.11: Perfectly Absorbing Designs at a) 790 nm (bar width = 40 nm, periodicity =
390 nm) and b) 860 nm (bar width = 80 nm, periodicity = 385 nm). Other
parameters the same as Figs. 2.9, 2.10.

2.4 Alternative Perfectly Absorbing Designs

So far in this chapter I have demonstrated the design of one specific perfectly
absorbing metasurface based on the degenerate critical coupling of two magnetic
dipoles. This design relies on asymmetry in the unit cell in order to excite an out-

of-plane magnetic dipole with opposing symmetry to the in-plane magnetic dipole.
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However, it is also possible to achieve degenerate critical coupling - and thereby
perfect absorption - using two in-plane dipoles if they have inherent opposite sym-
metries. This is the case if we use a magnetic dipole and the perpendicular electric
dipole, e.g. My and Ey. Figure 2.12 shows a metasurface design based on exciting
these two modes, developed by our group in [83]. In comparison to the structure
in the previous section, the vertical bar is positioned in the centre of the unit cell,
and the block is extended horizontally across the unit cell. Both My and Ey modes
are directly excited by the incident field, meaning that no symmetry-breaking is
required. In addition, this design has the advantage that neighboring resonators
are connected in both in-plane directions, meaning it can be used in applications
where photoconductivity is required in more than one direction. Despite the in-
terconnectivity, the mode profiles resemble normal magnetic and electric dipoles
excited in a cubic structure (Fig. 2.12c, d). However, the process of interconnecting
the metasurface shifts both modes to longer wavelengths. By choosing appropri-
ate size parameters, a design can be found where both modes are degenerate when

neighboring resonators are fully connected.
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Figure 2.12: Alternative Metasurface Design a) Diagram of unit cell. b) 3D diagram of
metasurface array. ¢) Normalised absolute field profile of Electric Dipole po-
larised in the y-direction, Ey. d) Normalised absolute field profile of Magnetic
Dipole polarised in the x-direction, My.
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We can use similar methods as those used in Section 2.3 to modify the wave-
lengths of the modes and their absorption, in order to adapt the design for different
operation wavelengths. Specifically, by modifying the array periodicity, the modes
can be made degenerate. By varying the width of the horizontal channel (Wy in
Fig. 2.12a), modes can be tuned roughly degenerately to a wavelength of choice.
Finally, the absorption of the modes can be changed by tuning the width of the
narrow channel, Wy. This changes the proportion of the mode interacting with the
absorbing material. Therefore, we can understand the tuning of this channel as tun-
ing the absorption loss of each mode, and thereby the critical coupling condition.
In [83] several perfectly absorbing designs are shown made from an 160 nm thick

GaAs layer, ranging in operation wavelength from 715 nm to 840 nm.

2.5 Summary

In this chapter I have demonstrated the basic principles of high absorption in di-
electric metasurfaces via degenerate critical coupling of two modes. I have demon-
strated two metasurface designs that achieve perfect absorption using this technique.
By revisiting the conditions I outlined at the start of the chapter, one can see that

these metasurfaces are highly applicable to THz PCA detectors:

* They achieve full absorption which can be engineered to a NIR wavelength

of choice through simple parameter changes.

* Both designs have conductive channels which allow for carrier transport to

antennae for detection.

* They are designed for LT-GaAs and can achieve perfect absorption despite

strong dispersion across the GaAs bandgap.
* They have extremely sub-wavelength thicknesses (200 nm or less).

In Chapter 3 the fabrication of the metasurfaces is described. The steps described
in Section 2.3 are demonstrated experimentally and the designs in Figure 2.11 are

realised.



Chapter 3

Metasurface Fabrication &

Experimental Testing

Fabrication and optical characterisation measurements shown in this chapter were
carried out at the Centre for Integrated Nanotechnologies (CINT), Sandia National
Labs, USA by O. Mitrofanov. Metasurface designs were informed by simulations
done by L. Hale and T. Siday. Analysis of the optical data was carried out by L Hale.
Electronic detector measurements were done at CINT by O. Mitrofanov. Terahertz
detection measurements were done by O. Mitrofanov, T. Siday and L. Hale. Some of
the contents of this chapter have been published in [67], [84]. Permission for the

use of this content has been granted by the publisher where necessary.

In Chapter 2 a three-step process was outlined for designing perfectly absorb-
ing metasurfaces at a desired wavelength. This was used to achieve perfect ab-
sorption in regions of the spectrum where GaAs is highly absorbing as well as at
the bandgap edge where absorption is low. In this chapter the fabrication of the
metasurfaces is described, and the optical characteristics of fabricated metasurfaces
are measured — showing that the fabricated metasurfaces have same dependence on
the bar width and periodicity as the simulated structures. The simulated designs in
Figure 2.11 are fabricated and their optical properties discussed. Finally, the THz
detection properties of a metasurface operating at 800 nm are investigated. It is
shown that the metasurface has many beneficial properties for THz detection, such

as very high dark resistance and high SNR detection with remarkably low optical
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pump powers.

3.1 Methods

3.1.1 Metasurface Fabrication

The main stages in the fabrication of the metasurfaces are shown in Figure 3.1.
Metasurfaces are fabricated from a 200 nm epilayer of low-temperature grown
GaAs on a semi-insulating GaAs substrate. Two thin AlGaAs layers sit between
the LT-GaAs and SI-GaAs and act as stop-etch layers later in the fabrication pro-
cess. Firstly, the LT-GaAs is annealed to improve the dark resistivity of the material.
The metasurface is then patterned using electron beam lithography (EBL) and dry
reactive ion etching (RIE) is used to etch the 200 nm thick metasurface. If the
metasurface is used for THz detection, metallic antennae with tapered ends are de-
posited on top of the metasurface using EBL and metal evaporation (see Section 3.3
for more details). The metasurfaces are then transferred onto sapphire substrates
using epoxy (n = 1.57) to bond the metasurface to the substrate. Finally the struc-
tures are mechanically lapped on the SI-GaAs side and wet-etched to the stop-etch
layers. The final result is a 200 nm thick LT-GaAs metasurface embedded in 2 um of
epoxy on a sapphire substrate, where the epoxy replaces the LT-GaAs that has been
etched away. Information about the specific fabrication conditions can be found in
Appendix C. Scanning electron microscope (SEM) images of example metasurfaces

are shown in Fig. 3.1b, c.

3.1.2 Optical Characterisation

Once the metasurfaces are fabricated, the optical transmission and reflectance of
the samples are measured using a confocal microscope set up. White light from
an incandescent lamp is focused on the metasurface with a microscope objective to
a spot size of ~10 um. The transmitted beam is collected by another microscope
objective and analysed with a diffraction grating spectrometer. Polarisers are used
to polarise the light incident on the metasurface and light collected by the objective
in the same orientation. Transmission measurements are normalised to the incident

light spectrum, taking to account the transmission of the sapphire substrate. Reflec-
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Figure 3.1: Metasurface Fabrication: a) Schematic showing key steps in the metasurface
fabrication process. b) SEM image of the metasurface (top view). ¢c) SEM of
metasurface taken at oblique angle.

tion measurements are normalised to the spectrum reflected from a reference gold
surface, taking into account the gold reflectivity (~ 96%) within the spectral range
of interest. Absorption is then calculated from these normalised transmission and

reflectance measurements as A =1 — (R+T).

3.2 Achieving Perfect Absorption in Fabrication

In order to fabricate fully absorbing metasurfaces at a specific wavelength, a similar
process to the design in Chapter 2 (Section 2.3) can be carried out experimentally.
Firstly the modes are made degenerate, then they are tuned simultaneously to the
chosen wavelength. Finally, high absorption is regained by tuning the radiative

losses.

3.2.1 Mode Degeneracy, Wavelength & Absorption

Firstly, a set of metasurface parameters is chosen from simulations which aligns
the modes at the same wavelength. However, different fabrication conditions will
lead to different parameter sizes from the original design, meaning modes may be

misaligned. One important condition is the EBL exposure, which affects the bar
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width and size of the central block. These parameters will increase in size for an
overexposed structure, leading to a redshift for both modes, which may result in
spectral splitting of the modes. This is demonstrated in Figure 3.2, which shows
the experimentally measured transmission spectra for four metasurface samples.
Each sample is fabricated using the same EBL pattern (chosen from a simulated
design where modes are degenerate), but different exposure levels. The position of
modes can be identified by dips in the transmission spectrum, where absorption is
enhanced. For most exposures two transmission dips can be seen, as the two modes
sit at different wavelengths. At a normalised exposure of 1 (purple line) the modes
become degenerate, indicated by the fact that both modes appear as a single feature.
Therefore, this exposure can be chosen for subsequent fabricated samples of this
design, where the bar width and periodicity are modified to change the wavelength

and absorption level of the modes.
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Figure 3.2: Achieving Mode Degeneracy: Transmission of metasurfaces patterned with
different EBL exposures, offset from each other for clarity. Panels (right) show
SEMs of the corresponding metasurfaces in the graph.

In Section 2.3 it was demonstrated that once modes are degenerate, modifying
the bar width allows tuning of the modal wavelengths whilst maintaining degen-
eracy. Figure 3.3 shows the effect of tuning the bar width experimentally. The
measured transmission spectra are shown for a set of metasurfaces with varied bar

widths, along with the simulated transmission for structures with similar dimen-
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sions to the fabricated structures. For each structure a deep dip in transmission can
be seen where the two modes overlap - indicating strongly enhanced absorption.
As the bar width is varied the transmission dip shifts in wavelength without split-
ting into two peaks - demonstrating the ability to tune the two mode wavelengths

simultaneously with bar width.
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Figure 3.3: Tuning operation wavelength with bar width: a) Measured transmission for
metasurfaces with varying bar width. b) Simulated transmission for metasur-
faces with different bar widths. Other metasurface parameters are chosen to
match those in the fabricated structures.

In Figure 3.3a it is observed that with increasing bar width the minimum trans-
mission increases - indicating a reduction in peak absorption. This is due to the
effect of changing the modal wavelengths on the critical coupling of the modes. As
the modes shift to higher wavelengths their absorption decreases and the structure
moves further away from the critical coupling condition where the mode absorp-
tion matches the radiative loss. In the simulation the minimum transmission does
not change as drastically with increasing bar width. However, by simulating the re-
flectance with increasing bar width (Figure 3.4) we see that the reflectance increases
for larger bar widths, instead of the transmission. When the structure is close to the
critical coupling condition a reflection minimum is seen at the resonance frequency
(Fig. 3.4b blue line). However, as the bar width increases this becomes a reflection
maximum (Fig. 3.4b purple line). Therefore, in both simulations and experimental
data absorption decreases as the structure moves away from the critical coupling

condition as the bar width increases.
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Figure 3.4: Simulated transmission (a) and reflectance (b) for metasurfaces with varying
bar width.

It is noted that in addition to the disparity between the minimum transmission,
there are other minor differences between the transmission spectra of simulated and
fabricated structures. For example, in the simulation the metasurface is almost com-
pletely transparent at 890 nm, whereas in the fabricated structures we only measure
80 - 90% transmission in this region. This difference is the result of a standard
GaAs model [11] which does not accurately describe the permittivity of LT-GaAs
at longer wavelengths. In reality, the presence of As islands and crystal defects
results in a non-negligible absorption [85], whereas the modelled material has an

imaginary permittivity approaching zero (as shown in Fig. 2.2).

To regain high absorption the periodicity is experimentally varied. Figure 3.5
shows the measured (a) and simulated (b) transmission spectra for three metasur-
faces of different periodicities. The minimum transmission decreases with increas-
ing periodicity. This is a consequence of changing the radiative loss of the meta-
surface with the periodicity - as the period increases the structure moves closer to

the critical coupling condition where the radiative loss matches the absorption loss
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of each mode. The ability to tune the radiative losses with periodicity in the fabri-
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Figure 3.5: Tuning absorption with periodicity: a) Measured transmission for metasurfaces
with varying periodicities. b) Simulated transmission for metasurfaces with
different periodicities. Other metasurface parameters are chosen to match those
in the fabricated structures.

cation process is particularly advantageous when fabricating structures close to the
bandgap edge. As previously explained, in this spectral region published models
for GaAs imaginary permitivitty may not closely match LT-GaAs due to the pres-
ence of defects, making it difficult to find the optimum geometry using simulations.
However, varying the periodicity in the fabrication process allows us to optimise
the radiative loss and match it to real absorption loss experimentally. This leads to

different optimum periodicity in fabricated structures in comparison to simulations.

3.2.2 The Proximity Effect

There are some discrepancies between the simulated and experimental transmission
data in Figures 3.3 and 3.5, which can be attributed to inaccuracies in the parameter
sizes of fabricated structures as a result of the proximity effect in the EBL stage of
fabrication [70].

In Figure 3.3, a smaller range of bar widths is required in the experiment to
span the same range of wavelengths as in the simulation. This is due to the fact that
as the bar width in the EBL pattern increases, the proximity effect causes an increase
in the electron beam spot size, and thereby a superlinear increase in both the bar and

block size. This results in a larger overall structure, and the modes are red shifted
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to larger wavelengths. Given that the difference in the fabricated structure sizes is
on the order of a few nanometres, this is difficult to measure accurately from SEM
images. In the simulated structures, however, the bar size is increased in precise
increments without affecting other parameter sizes - therefore capturing the true
effect of increasing the bar size alone.

In Figure 3.5, we also see that as the periodicity increases, the wavelength of
the fabricated structures is unaffected (Fig. 3.5a), whereas an increase in wave-
length is seen for simulated structures (Fig. 3.5b). This is also a consequence of
the proximity effect. For smaller periodicities, neighboring resonators are closer
together, leading to slight overdosing of neighbouring resonators and increase in
the resonator size over the whole metasurface area. Therefore, at smaller periodic-
ities the wavelength of the fabricated structures is red shifted in comparison to the
simulated design, resulting in all three structures in Fig. 3.5a being resonant at sim-
ilar wavelengths. In contrast, in the simulations shown in Fig. 3.5b the periodicity

changes without affecting the resonator sizes.

3.2.3 Final Fabricated Metasurfaces

Finally, the above process was used to fabricate the two metasurfaces designed in
Figure 2.11. Their measured optical properties are shown in Figure 3.6. Absorption
is also plotted for each structure. As with the simulated designs, the fabricated
structures show enhanced absorption at 790 nm (Fig. 3.6a) and ~870 nm (Fig.
3.6b). For the structure in Figure 3.6a we see a broad absorption peak, whereas
in Figure 3.6b the modes are slightly misaligned and the peak is split in two. In
this region of the spectrum the lack of strong material absorption causes the modes
to become much narrower and therefore more sensitive to mode misalignment. In
principle, similarly to the step described in Section 2.3, small adjustments of the
central block size can be performed in fabrication in order to align the two modes.
I also show an experimentally measured absorption spectrum for an unpat-
terned (uniform) 200 nm thick LT-GaAs layer (black line). In comparison to this,
the metasurfaces show a resonant absorption enhancement of 3-fold for the 790 nm

structure and over 15-fold for the 875 nm structure. It is particularly notable that
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Figure 3.6: Measured optical properties of fabricated structures (based off designs in Fig.
2.11, Chapter 2). Black line shows the absorption measured from unpatterned
LT-GaAs of the same thickness as the metasurface. Grey dashed line (a) shows
absorption simulated for the metasurface with a Gaussian excitation beam (NA
= 0.2). Insets show simulated optical properties for designs corresponding to
each fabricated metasurface.

absorption in unpatterned LT-GaAs approaches zero around 875 nm, whereas for

the structure in Fig. 3.6b ~70% of incident light is absorbed.

The peak absorption levels in both fabricated metasurfaces are not as high as
predicted in the simulations. For example, for the structure in Figure 3.6a only
~90% absorption is achieved. This is due to the fact that the experimental spectra
were measured using a focused optical beam with numerical aperture of NA ~ (.16,
rather than the perfect plane wave used in simulations. In a focused beam not all
field components are polarized in the direction required for exciting the two modes,
leading to a broadening of the absorption peak and reduction in peak absorption. In
order to quantify the effect of this on the results, a full 15 x 15 metasurface array
was simulated with a gaussian beam for excitation, which had a similar numerical
aperture (NA = 0.2) to that used in the experiment (see Appendix B for details). In
this case, it was found that the peak broadens and maximum absorption decreases
by ~10%. The simulated absorption in this case is plotted for the metasurface in
Fig. 3.6a (gray dashed line) — a good agreement can be seen between the simulated

and experimental absorption spectra.
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3.2.4 Summary of Optical Measurements

This section has shown that the prescriptive methods described in Chapter 2 for de-
signing perfectly absorbing metasurfaces at a chosen wavelength can also be used in
the fabrication process. Degeneracy is achieved by tuning EBL exposure, operation
wavelength is selected by tuning the bar width, and high absorption is gained by
tuning the metasurface periodicity. In particular, tuning the periodicity experimen-
tally enables tuning of critical coupling even when the intrinsic material absorption
is not directly known (as for low-temperature materials) and therefore cannot be
accurately simulated. Highly absorbing metasurfaces are fabricated at a range of
wavelengths corresponding to different levels of intrinsic GaAs absorption. Over
90% absorption was achieved for a metasurface operating at 790 nm and ~70% ab-
sorption for a metasurface at 875 nm, very close to the bandgap edge. Despite some
mode splitting, this is a 15-fold improvement on the absorption of bare LT-GaAs of
the same thickness. These metasurface designs can be readily implemented in THz

detectors operating at a range of NIR pump wavelengths.

3.3 Terahertz Detection Properties

Following the investigation of optical characteristics, one metasurface was also used
as the photoconductive element in a THz detector. This section describes the elec-
tronic and THz characteristics of the metasurface and demonstrates that the meta-
surface exhibits many beneficial properties for THz detection. The effect of a highly

absorbing metasurface on the spectral bandwidth of the detector is also investigated.

3.3.1 Detector Fabrication

A perfectly absorbing metasurface operating at 800 nm was designed and fabri-
cated for use as a THz detector in order to match the wavelength of a Ti:Sapphire
laser used in the TDS system in the lab at UCL. The metasurface dimensions and
simulated optical properties can be seen in Figures 3.7c and 3.7d. As with the meta-
surfaces in Chapter 2, the photoconductive metasurface layer is 200 nm thick. This
is remarkably thin in comparison to normal PCA detectors, which are limited in

how thin they can be made by the absorption length in GaAs and therefore typically
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have photoconductive regions of 1-2 um [39].

700 800 900
Wavelength (nm)

Figure 3.7: Perfectly Absorbing Metasurface as Terahertz Detector: a) SEM of metasurface
including metallic antennae. b) Close up SEM of photoexcitation region. c)
Unit cell diagram showing metasurface dimensions in nm. d) Simulated optical
characteristics of metasurface.

In order to give the metasurface THz detecting capabilities, metallic dipole
antennae with tapered ends were deposited onto the metasurface after the metasur-
face etch using EBL and metal evaporation techniques. This was done before the
metasurface was glued to the sapphire substrate (see Figure. 3.1). The antennae are
centered on the middle of the metasurface, with a 3 um gap between them where the
metasurface is photoexcited. Figures 3.7a and 3.7b show an SEM of a metasurface

with antennae.

3.3.2 Electronic Measurements

A semiconductor parameter analyser was used to measure the IV characteristics of
the device in a dark chamber, and thereby deduce its dark resistance. A bias from 0
- 50 mV was applied across the antennae in steps of 0.01 mV. Linear IV character-
istics were observed and the dark resistance was found from the gradient to be 50

GQ. This value is remarkably high in comparison to PCAs based on unstructured
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GaAs layers (typically ~1GQ), owing to the fact that there is much less absorbing
material in a metasurface than a bulk GaAs layer. As a result of this large dark resis-
tance, high switching (ON/OFF) contrast of ~ 107 is measured, which is beneficial

for high SNR, particularly at low optical pump powers.

3.3.3 Terahertz Measurements

The detector was used in a standard TDS system in order to measure its THz de-
tection ability. The experimental set up can be seen in Figure 3.8c. A femtosecond
pulsed Ti:Sapphire laser centered at 800 nm with 80 MHz repetition rate was used
to excite both the detector and a zinc telluride (ZnTe) crystal which was used as a
THz source. A silicon lens was attached to the ZnTe crystal to improve the THz
directionality. The NIR beam (and thereby the THz beam) were polarized in the
direction of the dipole antenna (horizontally) - allowing excitation of both dipole
modes in the metasurface. An optical chopper was used to intensity modulate the
THz beam at 2.7 kHz, and the photocurrent from the THz detector was measured
with a lock-in amplifier with an integration time of 300 ms.

An example THz waveform measured from the ZnTe source can be seen in Fig.
3.8a. By varying the power of the NIR pulse gating the detector, the dependence
of the peak photocurrent and noise on the gating pulse power was investigated (Fig.
3.8b). The gating power was varied from 50 — 750 uW using a polariser in the probe
beam path. The root mean square (RMS) noise was calculated over 200 data points
before the THz pulse and was seen to increase roughly linearly for higher excitation
powers. It is therefore likely that the main source of noise is fluctuations in laser
power, which increase linearly with pump power.

Figure 3.9 shows the SNR calculated as the square of the ratio of maximum
signal to RMS noise. Maximum SNR of almost 10% is achieved at 100 uW. To pro-
vide context, this is compared against a previous detector developed by our group
in ref. [12]. For the detectors here, maximum SNR is reached at a power level
approximately an order of magnitude lower than in [12]. This improvement can
be attributed to two key factors: firstly, much higher absorption results in drasti-

cally improved conversion of photons in the gating pulse to charge carriers; and
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Figure 3.8: THz Detector Measurements: a) Example waveform measured with the meta-
surface detector from a ZnTe crystal. b) Maximum photocurrent and root mean
square (RMS) noise measured for different powers of the near-infrared pump
beam. c¢) Schematic of the TDS set-up used for the measurements shown in (a)
and (b).

secondly, the reduced volume of the metasurface photoconductive layer increases

the dark resistance, reducing the detector noise [39].

3.3.3.1 Terahertz Detection Bandwidth

Figure 3.10 shows the power spectrum of detector as calculated by Fourier trans-
forming the time domain pulse. The detector shows a typical PCA response, with
an operational frequency range of approximately 0.2 - 3 THz.

It is possible that using the perfect absorption mechanism has a detrimental
effect on the detection bandwidth. When the modes are excited within the pho-
toconductive layer, the field oscillates within the material before being absorbed.

To demonstrate how this could affect the detection bandwidth, the frequency re-
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Figure 3.10: Power spectrum of the metasurface detector.

sponse of the detector is considered as the Fourier transform of the measured pho-
tocurrent [84]. The measured photocurrent can be written as the integral of the
time-dependant bias induced by the THz field, V7. () and photo-generated charge
carrier density, n:

i(7) :A/_ZVTHz(t)-n(t—f)dt (3.1

Where A is a constant and 7 represents the time delay between the arrival of the
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THz pulse and the optical gating pulse. The frequency response is therefore given

by the Fourier transform of this quantity:

F{i(t)} =A-F{Vru (1)} - F{n(—1)} (3.2)

Given that the charge carrier density is a function of the field intensity inside the
material as a function of time, I(¢), and the carrier recombination over time, r(z),

Equation 3.2 can be written as:

FLi(v)} = AB-F{Vri,()} - F{I(~1)} - F{r(~1)} (3.3)

As a result, the frequency response is affected by the both the optical field intensity

inside the material and the carrier recombination time in the material.

The optical field intensity corresponding to each mode will differ depending on
the Q-factor of the mode. We can understand the effect of each mode on the band-
width by measuring the power spectrum when the metasurface is excited by light
in two different excitation polarisations. When the metasurface is excited in the
y-polarisation (Fig. 3.7c), both modes are excited by the incident beam. However,
when excited by light polarised in the x-direction, only one in-plane mode, My, is
directly excited. Given that the structure is not symmetrical in the x-y plane, this
will be excited at a different wavelength to the Mx mode. Using these two polarisa-
tions, we can compare the bandwidth when both in-plane and out-of-plane dipoles
are excited to the bandwidth when only an in-plane dipole is excited. This is demon-
strated in Figure 3.11a. Figure 3.11b shows the calculated power spectrum ratio of
the two polarisations, Py/Pyx, for two different THz sources. For both sources, at
lower frequencies the spectral power is larger for the y-polarised case (when both
modes are excited). However, at higher frequencies the Py becomes larger than Py.
This effect can be attributed to the excitation of the out-of-plane M, mode, which
has a longer lifetime. Exciting both modes simultaneously increases the absorption
and therefore improves the detector performance at lower frequencies, however at

larger frequencies the longer lifetime of the M, mode degrades the bandwidth, and
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so the device performs better when excited in the horizontal polarisation. Whilst
this makes a measurable difference to the power spectrum, it can be seen from Fig.
3.11a that the effect is minimal. Given that the difference in absorption between the
two excitation polarisations is around 40%, one would expect a larger enhancement
in the power spectrum at lower frequencies [84]. The fact that this is not seen is
most likely due to the use of a focused gaussian beam. As discussed for the results
in Figure 3.6, not all field components in the gaussian beam are polarised in the
same direction. As a result, when excited with the x-polarised beam, the M, dipole
will still partially be excited and the difference between the two polarisation cases

will be minimal.
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Figure 3.11: Effect of mode lifetimes on spectral response: a) Power spectrum measured
for two different excitation beam polarisations. b) Ratio of the power spec-
trums measured in the y and x-polarisations, measured from both ZnTe and
InAs sources.

3.4 Summary

This section has demonstrated the THz detection properties of the perfectly ab-
sorbing metasurface PCA. The fact that high absorption is achieved in such a thin
photoconductive layer (200 nm) is particularly beneficial for near-field applications
in which the sensitivity of the detector is dependent on the distance from the aper-
ture plane to the detecting antennae (as discussed in Section 1.3.3). The highly
absorbing nature of the metasurface also results in extremely efficient use of the

NIR gating pulse to generate photocarriers, resulting in a maximum SNR (~ 10%)
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at remarkably low gating powers (100 uW). As well as improving the energy effi-
ciency of the device, this is also attractive for near-field applications, in which it is
necessary to avoid heating around the sample space. The perfectly absorbing mech-
anism has some slight drawbacks relating to the frequency response of the detector,
however in practice the effect of this is minimal. Finally, the metasurface has a very
high dark resistance (50 G€) due to the small amount of photoconducting material
required for high absorption in comparison to bulk LT-GaAs. This leads to a very

high contrast between conductive and non-conductive states of 107 .



Chapter 4

Metasurfaces for Terahertz Emission

All simulations and metasurface design shown in this chapter were carried out by L.
Hale. Fabrication and optical characterisation measurements shown in this chapter
were carried out in the Centre for Integrated Nanotechnologies (CINT), Sandia

National Labs, USA, by O. Mitrofanov.

In Chapter 2 I demonstrated two different metasurface designs that achieve per-
fect absorption when illuminated with linearly polarised light perpendicular to the
metasurface plane. These were designed for use in THz photoconductive detectors,
and Chapter 3 demonstrated how the metasurface can be used in a PCA detector
to improve device efficiency. In addition to THz detection, photoconductive meta-
surfaces could also replace bulk semiconductor elements in other applications. One
example is direct THz emission from photoconductive materials via photoexcited
charge carrier transients. This is when a semiconductor material such as GaAs or
InAs is excited by pulsed NIR light and broadband THz pulses are generated as a
result. Unlike in PCA emitters, no external bias is applied in this configuration.
Whilst the dominant mechanism of this emission is debated (see Section 4.1), gen-
erally THz emission is most efficient when the material is excited by light at an
angle to the metasurface plane [86, 87]. In this chapter I investigate if perfect ab-
sorption can be achieved in our metasurfaces when excited at an angle, with the

view to using perfectly absorbing metasurfaces as THz emitters.
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4.1 Emission Mechanisms

In order to understand the benefits of using a metasurface for THz emission, it
is necessary to briefly explain how the emission occurs in semiconductors. It is
broadly described as being due to photocurrent transients that are generated when
incident light excites charge carriers in the material. This photocurrent can be
caused by built-in electric field gradients at the surface of a semiconductor (due
to Fermi-level pinning) [86] or by what is most commonly known as the photo-
Dember effect [88—90] - when electrons and holes diffuse at different rates due to
their different mobilities, resulting in an asymmetric charge density distribution.
Traditionally, both of these effects are thought to mainly occur perpendicular to
the material plane. However, several studies now suggest that lateral (in-plane)
photo-Dember effects can play a significant, if not dominant, role in THz emission
[91-93].

Regardless of the specific photocurrent transients present, one can see that THz
emission will be enhanced if optical photon-to-charge carrier conversion is max-
imised. This is possible using a metasurface that fully absorbs incident light. In
addition, the fact that the metasurface is ultra-thin (100 - 200 nm) means that THz
emitters could be easily integrated into current microscale optoelectronics where
bulk semiconductors are too large. Finally, comparing THz emission from a meta-
surface to emission from bulk materials could shed light on the emission mecha-
nism itself. Due to the small thickness of the metasurface, contributions from the
surface built-in field on each side should cancel each other out, meaning the two ef-
fects could be separated and studied independently. For maximum out-coupling of
emission, the semiconductor surface is typically oriented at an angle (~45°) to the
optical axis. In the following sections I explore whether our metasurface designs

can efficiently absorb light in this orientation.

4.2 Metasurfaces for Angular Excitation

In order to test the suitability of the initial metasurface design in Chapter 2 for THz

emission, a metasurface design with degenerate modes when excited at normal inci-
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dence and with E-field polarisation along the vertical bar was simulated at multiple
incident beam angles with respect to the metasurface plane (Fig. 4.1a). The sim-
ulation region was set up in a similar way to the simulations shown in Chapter 2,
however different boundary conditions were used to account for the angled source
(see Appendix B for more detail). The goal of this simulation was to observe how
the modes move in wavelength space as the incident angle increases. Firstly, the
metasurface was simulated using the dispersive GaAs model (Fig. 4.1b). However,
given the broad nature of the modes, it was difficult to discern the movement of in-
dividual modes in this way. Alternatively, the metasurface was simulated with con-
stant n, K values (n = 3.67, k = 0.01) to decrease mode linewidth and more clearly

observe the individual modes (Fig. 4.1c).
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Figure 4.1: Angled Simulations of Bar and Block Structure: a) Schematic of simulation
set-up and unit cell. Red arrow shows direction of k-vector whereas blue circle
indicates E-field polarisation (out of plane). b) Absorption spectra simulated
for a range of angles using a dispersive GaAs model. c) Absorption spectra
simulated for a range of angles using low loss, constant material parameters
(n=3.67, k =0.01). Inset shows area of plot in dashed square with enhanced
colour scale to show the weakly absorbing M, mode.
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From Figure 4.1c it is clear that as the incident angle increases, the modes
contributing to absorption at 810 nm at 0° move apart and other higher order modes
appear in the spectrum. The My dipole remains absorbing as the angle increases and
shifts to longer wavelengths. The absorption due to the M, dipole, on the other hand,
appears to rapidly reduce as the angle is increased. For angles greater than 10°, very
little absorption can be seen for the M, mode. Typical angles used for THz emission
are approximately 40 - 50°, which correspond to an incident source angle of ~28°
in the simulation as the source is launched in the substrate and therefore refraction at
the substrate surface must be accounted for (see Appendix B). Further investigation
is required to understand the disappearance of this mode at angled illumination,
however this clearly poses problems with using this metasurface design for angled

excitation.

Alternatively, the metasurface design described in Section 2.4 was investigated
in order to determine if the same effect is seen for a metasurface design based on
two in-plane dipoles (M and Ey). This metasurface also has the added benefit of
connection in both x and y-directions, meaning the metasurface could be designed
for emission in two different orientations. To understand the mode behavior at an
angle, a metasurface design that is perfectly absorbing at 775 nm was used as a start-
ing point, as its operation wavelength is close to the wavelength of the Ti:Sapphire
laser (800 nm) that will be used in emission experiments. The geometry of this
design and its optical properties under perpendicular illumination can be seen in

Figure 4.2a.

The angle of incidence is varied along the horizontal axis (Fig. 4.2a inset)
with the intention of producing lateral photocurrents along the wider, horizontal
bar. Figure 4.2b shows the simulated absorption in this case. A highly absorbing
region can be seen at 750 nm — 800 nm, which remains at a similar wavelength
for increasing angle. In addition, lower absorption bands can be seen at higher and
lower wavelengths, which appear only to be present at non-zero incident angles.
While some features such as these can be easily seen, it is difficult to see the distinct

absorption spectra of each mode.
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Figure 4.2: a) Absorption (A), reflectance (R) and transmission (T) spectra of perfectly
absorbing design under perpendicular illumination (dimensions in nm shown
in inset figure). b) Absorption spectra of design shown in (a) for varied incident
angle.

To identify which modes these absorption bands corresponds to, the electric
and magnetic field intensities in each polarisation can be used to track the modes
across the wavelength space. Assuming the modes have maximum field intensity in
the centre of the unit cell, the modes can be identified by plotting the field intensity
in the appropriate polarisation at the centre of the unit cell for each wavelength and
angle. This is shown in Figure 4.3 for magnetic fields polarised in the x and z-

directions (Fig. 4.3a, b) and electric field polarised in the y-direction (Fig. 4.3c).

The x-polarised magnetic field in Figure 4.3a clearly contributes to the broad
absorption band in the centre of Figure 4.2b. By observing the magnetic field profile
in this band (at the position of the white circle in Figure 4.3a), the My mode is
identified (Fig. 4.3d). This mode is present at normal incidence and is one of the

two modes contributing to degenerate critical coupling.

In addition to the x-polarised magnetic field, we also see strong magnetic field
in the z-direction. One intensity band shifts from approximately 800 nm to 900 nm
as the angle increases. This mode can be identified as the out-of-plane M, dipole
by observing the field profiles at these wavelengths (Fig. 4.3e). This mode cannot
be directly excited at normal incidence so no field is observed in the centre at 0°;

however, it is excited at non-zero source angles.
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Figure 4.3: Identifying modes for angled excitation: a) absolute magnetic field polarised in
x-direction, b) absolute magnetic field polarised in z-direction and c) absolute
electric field polarised in the y-direction in the centre of the unit cell are plotted
across the spectrum for each angle. All are normalised to the field magnitude
at the centre of the x-y plane. Dotted white lines show the high field associated
with the a) My mode, b) M, mode, ¢) Ey mode. White circles show the point at
which the corresponding field profiles in d) e) and f) are extracted.

Finally, we observe the electric field intensity in the y-direction (Fig. 4.3c).
We see the highest field intensity at exactly the same wavelengths as for the out-
of-plane magnetic field. Having identified this as the M, mode, we can deduce
that the electric field in y-polarisation here corresponds to the circulating electric
field associated with the M, mode, which sits in the x-y plane (see discussions in
Section 2.2). In addition, we see two bands of significant field intensity at lower
wavelengths, which decrease with wavelength as the angle increases. Out-of-plane
polarised magnetic field intensity is also present at these wavelengths. Looking at
the electric field profiles in the area indicated in Fig. 4.3c (white circle), the middle
band (750 — 800 nm) appears to be the Ey mode (Fig. 4.3f). It is slightly off-
centre due to the angled excitation, which partly accounts for why only moderate
field intensity is seen in Fig. 4.3c. The lower wavelength band (700 — 750 nm) is
identified as a higher order M, mode (not shown). We can therefore conclude that
the highly absorbing absorption band in Figure 4.2b contains a combination of the

My and Ey modes, and that the My mode sits at a slightly lower wavelength for
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angles 20 — 30°.

Once the separate modes were identified, I investigated how to regain perfect
absorption at a fixed angle of 28° (corresponding to incident angle on a glass sub-
strate of 45°) at approximately 800 nm. Only two degenerate modes are required
for perfect absorption. Given that the Mj is at significantly higher wavelengths, the
original two modes — Ey and My - were chosen to use. Remarkably, near-perfect
absorption can be achieved for this design at 28° by changing only a single param-
eter — the periodicity in the y-direction (Figure 4.4). Increasing the periodicity in
the y-direction increases the wavelength of both Ey and My modes, but has a larger
effect on the My mode. Because the My mode sits at a lower wavelength to the Ey
mode initially, increasing the periodicity in the y-direction merges the modes and
near-full absorption is achieved at a periodicity of 440 nm. Figure 4.5 shows the op-
tical properties of this design along with the field profiles of the My and Ey modes
at peak absorption. At lower wavelengths, a complex absorption, transmission and
reflectance spectra indicate that several higher order modes overlap in this region.
The sharp peak in reflectance and dip in transmission at ~900 nm corresponds to
the M, mode, which has very low absorption due to the low extinction coefficient

of GaAs in this area of the spectrum.
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Figure 4.4: Absorption spectra for increasing periodicity in the y-direction. Incident angle
is fixed at 28° for all periodicities.

For practical use, it is important that both the peak absorption and absorp-

tion wavelength are not highly sensitive to the metasurface angle, as it may not be
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Figure 4.5: Perfectly Absorbing Design at 28°: a) Simulated absorption, reflectance and
transmission spectra of design. b) and c¢) show field profiles at peak absorption
wavelength of the Ey dipole and My dipole respectively, normalised to electric
and magnetic field magnitude.

possible to position the metasurface at the precise angle used in simulations. Fur-
thermore, if a transparent substrate is used with a slightly different refractive index
to n = 1.5, such as sapphire (n = 1.76), it is important that the metasurface still
displays high absorption. To investigate this the metasurface was simulated with
constant structure parameters, and the source incidence angle was again varied up
to 30° (Fig. 4.6). This angle range translates to incident angles up to 51° when
taking into account refraction in the substrate. Surprisingly, the modes remain over-
lapping and very high absorption (> 90%) is maintained over a range of angles from
15 - 30°. Even when modes finally diverge, high absorption of around 70% is main-
tained for each mode. This robustness suggests metasurfaces may efficiently emit
THz radiation at a large range of incident angles. It is also worth emphasising that
the metasurface thickness has not been changed from the initial design - it is only
160 nm, making it appropriate for use in many different experimental set-ups. The
final design also does not have particularly large variation in parameter sizes, with

the smallest parameter being 60 nm. This suggests it can be fabricated reasonably
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easily with electron beam lithography.
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Figure 4.6: Angle dependence of final angled design: absorption spectra of design in Figure
4.5 for varying incident angle.

4.3 Fabricated Designs

Metasurfaces based on the design in Figure 4.5 were fabricated on a sapphire sub-
strate using the same methods as those outlined in Section 3.1.1. The transmission
of the fabricated metasurfaces was measured using the confocal microscope as de-
scribed in Section 3.1.2, except that the angle of the metasurface with respect to the
incident beam was varied. Figure 4.7 shows some preliminary results for metasur-
faces angled at 45°. Metasurfaces of slightly different geometries were fabricated
by varying the EBL exposure and vertical bar width in the EBL pattern. For all
metasurfaces in Fig. 4.7 three separate modes are seen: one at ~800 nm, one at
~860 nm, and one that is just visible at the edge of the spectrometer range - around
930 nm. The effects of increasing the exposure and vertical bar width are similar:
both shift all modes to higher wavelengths.

From simulations in the previous section we can assume that the three modes
observed are the Ey, My and M, dipoles; however, these transmission measure-
ments alone do not give us insight into which mode is which. Identifying the modes
is necessary in order to decide how to modify the fabrication procedure to make
the modes degenerate and increase metasurface absorption (thereby reducing trans-

mission). To identify the modes, the angle of incidence in the transmission mea-



4.3. Fabricated Designs 80

surements was varied from 0° to 45°, and the wavelength shift of the modes with
incident angle is compared to simulated transmission data in Figure 4.8. Note that
the simulated angle accounts for refraction in the substrate, and therefore both plots
show absorption when the incident angle in air ranges from 0° to 45°. The ex-
perimental and simulated data have many similarities. In particular, very similar
behavior can be seen for the higher wavelength mode, which appears only at larger
incident angles and moves linearly with angle increase. From field intensity and
mode profiles in the previous section, this mode was identified as the M, dipole.
The two lower wavelength modes must therefore be the Ey and My dipoles. From
the simulation it can be seen that the Ey dipole wavelength changes more rapidly
with angle. For this mode, the relationship between the angle and wavelength is
very non-linear - its movement traces a curved line across the absorption spectra. In
contrast, the My dipole decreases relatively linearly with angle increase. From these
observations we can deduce that the mode at ~770 nm at 45° in Figure 4.8a is the
My mode, and the mode at ~850 nm is the Ey mode. In comparison to the simula-
tions, the modes intersect at a smaller angle (10°). Minimum transmission of ~0.1

is observed here, indicating maximum absorption when the modes are degenerate.
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Figure 4.7: Initial Fabricated Designs: Experimentally measured transmission at a 45° an-
gle for structures with: a) varied EBL exposure; b) varied vertical bar width.
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Figure 4.8: Transmission with angle of fabricated and simulated structures: a) Measured
transmission spectra of a fabricated structure for varying incidence angle. b)
Simulated transmission with varying incidence angle for perfectly absorbing
design in Figure 4.5.

4.4 Summary

This chapter has demonstrated the design of a metasurface which is highly absorb-
ing when excited at an incident angle of 45°, with a view to using this metasurface
for THz emission. Simulations are used to understand the complicated way in which
modes respond to change in incident angle, and this has been used to identify the
modes in the transmission spectra of fabricated structures. Further work is required
to understand the reason for discrepancies in the experimental and simulated data,
and to readjust the fabricated structures to make the modes degenerate and increase
absorption. Once high absorption is achieved with an angled metasurface, this meta-
surface can be used as a source in a THz-TDS system to evaluate its THz emission
properties. Simulations suggest that the perfect absorption is robust to variation
in incident beam angle, therefore making the metasurface a practical option for a

broadband pulsed THz source in a range of experimental set-ups.



Chapter 5

Metasurfaces for Sub-Bandgap

Photoexcitation

All the simulations and metasurface design shown in this chapter were carried out

by L. Hale.

In Chapters 2 - 4, metasurfaces were designed and fabricated to operate at
pump wavelengths around 800 nm, as this is the wavelength of Ti:Sapphire lasers
typically used in TDS systems. However, despite their ubiquity, Ti:Sapphire lasers
have several drawbacks: they are very large, expensive and often require sensi-
tive handling and alignment as well as regular maintenance. Therefore, it would
be preferable to design detectors which operate at different pump wavelengths, for
which more convenient ultrafast lasers exist. For example, at 1550 nm femtosec-
ond pulsed fiber lasers have been developed for telecom purposes which are more
compact, robust and turn-key operated. Moreover, the use of 1550 nm fiber lasers
suggests the attractive possibility of fully fiber-coupled THz-TDS systems. This

chapter is about designing metasurfaces for PCA detectors at this new wavelength.

5.1 Terahertz PCAs at Telecom Wavelengths

The metasurfaces designed so far in this work have used LT-GaAs due to its low car-
rier lifetime, relatively high mobility and high dark resistance. However, because
the photon energy at 1550 nm (0.8 eV) is below the GaAs bandgap energy (1.6 eV),

direct absorption at this wavelength is not possible with GaAs-based photoconduc-
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tors. Several methods have been proposed to tackle this issue.

One possible solution is to simply use a different photoconductive material
with a lower energy bandgap. The most common are materials based on InGaAs,
which has a bandgap of 0.75 eV, approximately half that of GaAs. However, using
materials with a reduced bandgap has the inherent disadvantage that the bandgap is
close to the thermal noise energy of the detector, resulting in poor dark resistivity.
In addition, InGaAs lacks the short-carrier lifetimes required for sub-picosecond re-
sponse times [27]. Attempts have been made to improve the carrier lifetime and dark
resistivity by adding trapping centres by ion-implantation (usually Fe?*) [94-98]
and nanoparticle embedding [99, 100]. The most successful technique has been to
use multi-quantum well structures (MQW) or superlattices made of alternating In-
GaAs/InAlGaAs layers. For example, in [101] a multilayer InGaAs:Be?*/InAlGaAs
structure was used to develop PCAs for an all-fiber TDS system that achieved SNR
on the order of 103. This design has been implemented in commercial devices
[102]. Despite the advancements made with InGaAs PCAs at 1550 nm, their suc-
cess comes at the cost of very complex material and device designs that are difficult
to grow and fabricate. Moreover, their performance as detectors is still inferior to
GaAs detectors at 800 nm, which remain the popular choice. Other III-V semi-
conductors have also been proposed as possible candidates for PCAs, but there has
been much less practical study on these, and more work is required to optimise the

growth conditions for ultrafast purposes [27].

Alternatively, it is possible to excite carriers in LT-GaAs at 1550 nm via
sub-bandgap absorption. Though the exact mechanism of this process is debated
[13, 14, 103-108], it is thought that this is possible through two different pro-
cesses: two-photon absorption (TPA) and two-step absorption (TSA) via mid-gap
As defects (Fig. 5.1a). Ideally, by harnessing these effects, high absorption can be
achieved without sacrificing the beneficial properties of using LT-GaAs. However,
the strength of sub-bandgap absorption is particularly weak in comparison to direct
absorption. In order to take advantage of this effect for efficient photoconductive

antennas, it is clear that this absorption process needs to be enhanced.
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Figure 5.1: Sub-bandgap absorption in the literature: a) Schematic showing sub-bandgap
absorption via midgap states, from [13]. b) THz peak amplitude dependence
on optical pump power for sub-bandgap absorption, measured in [14]. A PCA
emitter was used operating at 780 nm, with PCA detector operating at 1560
nm. Inset shows data fitted to P'3>. ¢) Example of a THz waveform measured
with a plasmon-enhanced PCA detector in [13] (operating at below-bandgap
energies) which performs better than a commercial InGaAs detector.

In order to enhance sub-bandgap absorption in GaAs it is necessary to un-
derstand the absorption mechanism in more detail. For photoconductive devices,
measuring photocurrent against the incident optical power provides some insight
into the dominant means of absorption. For TPA, photocurrent increases quadrat-
ically with optical pump power as two photons are needed to excite a single elec-
tron into the conduction band. Erlig et al. observed this in [104], concluding that
TPA was the main mechanism for absorption. However, since this, several other
groups have observed different photocurrent-to-optical power relations. A superlin-

ear but subquadratic relation (Fig. 5.1b) is most commonly observed before satu-
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ration [13, 14, 103, 105] suggesting that TSA is the dominant mechanism. TSA is
possible as the transition energy from the valence band to midgap states has been
reported to be 0.8 eV - corresponding approximately to the wavelength of 1550 nm
[108]. Although two photons are still required for excitation of an electron into
the conduction band, instead of recombining the excited electron can be trapped in
a mid-gap state. For electrons trapped in mid-gap states, only a single photon is
required for excitation into the conduction band. TSA therefore results in the sub-
quadratic but superlinear power dependence as observed in the studies mentioned.
In addition, it is argued in [14] that TSA is more likely to be the dominant absorption
mechanism, because the percentage of absorption by LT-GaAs photoconductors at
lower optical power levels is far too high for TPA to contribute significantly. Satu-
ration characteristics can also provide some insight into the absorption method. For
TPA, the photocurrent at which saturation occurs should be the same as that of di-
rect absorption at energies larger than the bandgap. However, saturation is observed
at lower photocurrents at 1550 nm in some studies [13, 14], suggesting absorption
via alternative or intermediate states which are populated quicker than conductance

band states.

From the literature we can therefore conclude that whilst it is likely that both
TPA and TSA play a role in sub-bandgap absorption, at the optical pump powers
used in PCA detectors TSA is the dominant absorption mechanism. A few studies
have focused on increasing the rate of TSA to improve sub-bandgap PCAs. The
rate of absorption via midgap states is likely to be particularly high in LT-GaAs in
comparison to other photoconductive materials, due to the high percentage of ar-
senide defects formed in the growth process. These are beneficial for short carrier
lifetimes, but also provide more midgap sites for valence electrons to transition into
[107]. It therefore follows that growth and annealing conditions can have a large
effect on the amount of sub-bandgap absorption. In [109] it was found that reduc-
ing the anneal temperature from 580°C to 450°C increased absorption to 25% of
the absorption measured when a similar device is excited at 800 nm. However, as a

consequence dark resistivity is reduced. As well as studies on growth and anneal-
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ing, some work done to improve sub-bandgap absorption for LT-GaAs PCAs has
involved adding nanostructures, such as plasmonic features, rather than modifying
the LT-GaAs material itself. One particularly notable example is [13], in which plas-
monic electrodes were used to increase the photocurrent of a PCA detector at below
bandgap energies by an order of magnitude (Fig. 5.1¢). These devices outperformed
commercial InGaAs PCA detectors in THz amplitude and bandwidth. This group
also experimented with using a variety of shaped plasmonic structures which act as
anti-reflection coatings as well as field enhancers [35]. Plasmonic structures were
also used to improve sub-bandgap detection in [110], except in this work RF sput-
tering was used to deposit gold nanoislands - preventing the need for high precision
EBL patterning. However, whilst plasmonic structures may improve performance
to some extent they still have several drawbacks, as discussed in Section 1.3.2, such
as increased dark current and higher damage threshold. Alternatively, in [38] the
authors demonstrated a PCA source operating at 1550 nm that used an optical cav-
ity with a gold grating on one side to trap photons in the photoconductive layer.
This device achieved a much higher photocurrent-to-optical power ratio compared
to similar, non-cavity LT-GaAs PCAs at 1550 nm. Apart from these examples,
successful demonstrations of LT-GaAs PCAs operating at 1550 nm, particularly as

detectors, still remain few and far between.

In Chapters 2 and 3 it was demonstrated that with the degenerate critical cou-
pling technique, very enhanced absorption can be achieved in GaAs at wavelengths
as high as 880 nm, where existing data and models for GaAs predict near-zero in-
trinsic absorption. This work implies that good absorption may also be possible
at 1550 nm, where absorption is also predicted to be very low. In the following
sections of this chapter, LT-GaAs metasurfaces operating at 1550 nm are designed,

with the view to using these in PCA detectors.

5.2 Metasurface Designs at 1550 nm

The fact that there is no direct absorption in GaAs at 1550 nm poses a challenge

when accurately simulating material properties. Most material data sets show very
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little or no absorption at 1550 nm [11, 111-113], making it very difficult to ac-
curately model material absorption due to TPA or TSA. Moreover, the amount of
sub-bandgap absorption varies greatly between LT-GaAs samples from different
sources due to different growth and annealing conditions [114]. Therefore, for the
simulations shown in this chapter an estimate of the the intrinsic material absorp-
tion was used, based on typical photocurrent measurements from the literature. The
generated photocurrent from unpatterned GaAs at 1550 nm has been measured to
be approximately 10% of the generated photocurrent at 800 nm [14, 103], so an
estimate for the extinction coefficient of k¥ = 0.01 — approximately 10% of the ex-
tinction coefficient at 800 nm - provides a lower bound on the intrinsic absorption at
1550 nm. The extinction coefficient and refractive index were set as constant values

across the spectral range used in the simulation (n = 3.37,k = 0.01).

The initial metasurface design used was based on the symmetric design in Sec-
tion 2.4, which uses electric and magnetic dipoles for degenerate coupling. Consid-
ering the change in refractive index change with wavelength (n = 3.68 to n = 3.37),
one can deduce that by simply doubling all the parameter sizes of a perfectly ab-
sorbing design at 840 nm, both modes will be degenerate at approximately 1550
nm. Figure 5.2a shows the optical properties of a simulated metasurface, which
was scaled up from a design at 840 nm in [83]. The metasurface thickness was
320 nm and remains fixed at this value for all the subsequent metasurface designs
simulated in this Chapter. Whilst the modes have remained degenerate (only one ab-
sorption peak is seen), the maximum absorption has significantly reduced because
the critical coupling condition is no longer satisfied. This is a result of the change
in intrinsic material absorption. To show how this affects the absorption spectra, in
Figure 5.2b the absorption of the metasurface was simulated for varying extinction
coefficient. It can be seen that, as the extinction coefficient increases, initially the
peak absorption increases, as well as the modal linewidth. At approximately x =
0.06 the metasurface is critically coupled to the incident field. As the extinction
coefficient increases further, the linewidth continues to increase, but the maximum

absorption decreases.
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Figure 5.2: Optical properties of metasurface design, scaled up from perfectly absorbing
design at 840 nm. Inset shows metasurface unit cell design. b) Absorption
spectra of metasurface for varied extinction coefficient.

The metasurface geometry was then modified in order to rematch the critical
coupling condition and increase the maximum absorption. In [83] it was shown that
it is possible to modify absorption by changing the width of the vertical bar (Wy in
Fig. 5.2a). Figure 5.3 shows the process of tuning the vertical bar width from 60
nm to 200 nm (original size in Fig. 5.2 is 180 nm). In order to critically couple
the modes, it was initially expected that the bar width must increase to increase
the spatial overlap of the modes with the absorbing GaAs material, and thereby
increase the absorption of each mode. However, we observe that the peak absorption
increases as the bar width decreases. Furthermore, the linewidth of the absorption
spectra becomes extremely narrow as the absorption increases. At a bar width of 60
nm, > 80% absorption is reached (Fig. 5.3b); however, the linewidth is < 10 nm -

less than half that of the original perfectly absorbing design at 840 nm.

By considering the critical coupling condition, one can see that a very narrow
linewidth is a necessary consequence of high absorption in a material with low in-
trinsic absorption. If the material absorption is very small, the radiative losses must
reduce in order to match the absorption loss and increase maximum absorption,
thereby resulting in a narrow linewidth. However, to use the metasurface as a THz
detector the linewidth of the absorption peak must be comparable to the spectral

range of the laser used for excitation, in order to absorb a large percentage of the
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Figure 5.3: High absorption structure at 1550 nm: a) Absorption for increasing vertical bar
width, Wy. b) Simulated optical properties of metasurface with Wy = 60 nm. ¢)
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incident beam and have low transmission through the structure. For the 1550 nm
laser intended for excitation of the metasurface (Toptica Femtofiber Pro), the spec-
tral linewidth is approximately 35 nm [115]. Therefore, the design in Figure 5.3b is
much too narrow to absorb a large proportion of the incident laser beam and must be
modified to increase the linewidth. Because the narrow linewidth is a consequence
of the intrinsic material properties, this cannot be done without decreasing the peak
absorption. An acceptable trade off must be found between these two attributes.
The optical properties of the smallest bar width structure in Figure 5.3b, along
with the mode profiles at peak absorption shown in Figures 5.3c, d, help us under-
stand how the modes have changed in order to produce such a narrow linewidth.
The transmission and reflectance spectra appear to show an almost Fano-like line-

shape [116], where a broad resonance overlaps with a sharp resonance. The field
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profiles at the central resonance frequency show very strong electric field corre-
sponding to the Ey mode. In comparison, the magnetic field due to the My mode
appears much weaker. As we move away from the central resonance frequency, the
magnetic field of the My mode does not considerably change intensity, whereas the
Ey mode intensity reduces rapidly (not shown). From this information it is deduced
that the broad resonance in the spectrum is the My mode, whereas the Ey mode is
the very narrow resonance. This is can be further understood by looking at the field
profile shapes. The My mode profile no longer appears confined in the centre of the
unit cell and the field is evenly distributed across the whole area of the horizontal
bar - resembling a guided mode which is a resonance of the metasurface lattice as a
whole. In contrast, the Ey mode still has a clear localised shape similar to a typical

Mie mode.

It was then considered how the design could be modified to find an acceptable
trade-off between peak absorption and acceptable linewidth whilst also maintaining
low transmission. This is possible by reducing the linewidth of the My mode and
thereby increasing its peak absorption, whilst increasing the linewidth of the Ey
mode and accepting an inevitable decrease in peak absorption. The Ey mode is
predominantly affected by changes to the metasurface in the x-direction. In Figure
5.4 the horizontal bar is shortened, so that there is a gap between neighbouring
resonators in the x-direction. Fig. 5.4a shows that the Ey mode is broadened (and
peak absorption decreased) by increasing the periodicity in this direction for a fixed
horizontal bar length - thereby increasing the gap between resonators. The My
mode wavelength remains unaffected by this change. Similarly, the absorption and
linewidth of the My mode can be modified by adjusting the metasurface in the y-
direction. By increasing the width of the vertical bar (Fig. 5.4b), more of the M
mode sits in the vertical bar and the mode becomes re-localised in the centre of the
unit cell. As a result, the linewidth of the Mx mode is reduced and peak absorption

increases, whilst the Ey mode is relatively unaffected.

Finally, the modes can be recentered at 1550 nm by modifying other param-

eters, such as the horizontal bar width (Fig. 5.5a) and the periodicity in the x-
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Figure 5.4: Simulated absorption spectra for varied periodicity in x-direction (horizontal
bar length is 580 nm, so that neighbouring resonators are not connected). b)
Simulated absorption for varied vertical bar width, Wx. White lines show the
movement of each mode across the parameter space.

direction when a constant gap size is maintained between resonators (Fig. 5.5b). In
Figure 5.5 it can be seen that the horizontal block width (a) affects mainly the My
mode wavelength, whereas the the periodicity in the x-direction affects mainly the

Ey mode wavelength (b).
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Figure 5.5: Tuning mode wavelengths: a) Simulated absorption for varied horizontal bar
width, Wy. b) Simulated absorption for varied periodicity in x-direction, Py.
Horizontal bar length, Ly is also increased to maintain a constant horizontal
gap size between neighbouring resonators. White lines show the movement of
each mode across the parameter space.

The methods shown in Figures 5.4 and 5.5 were used to design the metasurface
shown in Figure 5.6. This metasurface design reaches a maximum absorption of
approximately 60% and a linewidth of ~50 nm in a layer that is only 320 nm thick.

This is only a slight improvement in absorption from the original design shown in
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Figure 5.2, however this design also has very little transmission at the resonance

wavelength and therefore is more applicable to THz detectors.
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Figure 5.6: Metasurface design for absorbing metasurface below bandgap: Simulated op-
tical properties. Inset shows dimensions of metasurface and the metasurface
thickness is 320 nm.

5.3 Summary

In this chapter I have reviewed the existing literature on sub-bandgap absorption in
LT-GaAs for use in PCA detectors at telecom wavelengths. I have then shown how
the degenerate critical coupling mechanism can be used to design highly absorbing
metasurfaces even when intrinsic absorption is very weak - such as absorption via
two-photon and two-step processes. Considering the practicalities of using such
metasurfaces as THz detectors, a balance needs to be struck between linewidth and
peak absorption, and transmission needs to be minimised. I have shown how this
is possible through modifying a few key design parameters, and demonstrated an
appropriate design taking these factors into account. The next stage of this work
is to fabricate the design shown in Figure 5.6. Given that an estimate was used for
the 1550 nm material absorption, it is expected that the absorption for the fabri-
cated structures may be somewhat different from the simulated values. Comparing
metasurfaces simulated with varying extinction coefficients to initial measurements

of the transmission and reflectance of fabricated structures would help improve our
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estimate of the extinction coefficient, and the metasurface design could be modified

based on this new value.



Chapter 6

Conclusions & Future Work

6.1 General Conclusions

Metasurfaces have the potential to transform optoelectronic devices by replacing
bulky, sub-optimal semiconductor elements with ultra-thin layers which are tailored
to have optimal optical and electronic properties. The objective of this work was to
develop photoconductive metasurfaces for THz applications - in particular for THz

PCA detectors, with the aim of integrating these into THz near-field probes.

Chapter 2 shows that it is possible to design metasurfaces which reach full
(100%) absorption using the concept of degenerate critical coupling. By using these
metasurfaces as the photoconductive layer in PCAs, optical photon-to-charge car-
rier conversion efficiency is maximised. Furthermore, I demonstrate that perfect
absorption can be adapted across the wavelength range of typical pump lasers with
simple modifications of the metasurface geometry. Using the prescriptive technique
developed in Section 2.3, perfect absorption is attainable even at wavelengths where
intrinsic material absorption is very low. LT-GaAs is the material of choice in this
work due to its beneficial properties for ultrafast applications - however, the general
design method is readily applicable to a wide range of semiconductor materials and

could be used to improve devices operating across the electromagnetic spectrum.

Chapter 3 describes the fabrication of these metasurfaces and demonstrates
their performance when integrated into THz PCA detectors. The metasurface PCA

detectors exhibit remarkably high dark resistance, and achieve maximum SNR at
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unprecedentedly low pump powers, enabling their use in a wide range of THz-TDS
and imaging systems. In particular, their low pump energy requirement makes them
attractive for arrays of detectors or cryogenic systems, where it is preferable to
minimise heating from the pump laser. Moreover, the metasurface PCA detectors
are extremely thin (<200 nm), making them highly applicable to near-field aperture
probes.

In Chapter 4, the functionality of the metasurface is extended to THz emission
via photoexcited charge carrier transients. It is demonstrated that perfect absorption
is possible for angled illumination of the metasurface. Metasurface THz emitters
could be easily integrated into a wide range of experimental set-ups, and would be
particularly versatile as they do not require an applied bias for operation.

Finally, Chapter 5 explores the possibility of using metasurfaces for THz PCA
detectors operating at sub-bandgap energies. It is proposed that the weak extrinsic
absorption in LT-GaAs can be enhanced using metasurfaces based on degenerate
critical coupling. These metasurfaces could be used in sensitive LT-GaAs PCA
detectors that operate using ultrafast fiber lasers at telecom wavelengths, thus im-
proving the efficiency of fully fiber-coupled TDS systems. Moreover, these devices
could be used to develop fiber-coupled near-field systems which would be more
robust, compact and easier to align - enabling widespread adoption of the aperture

near-field technique.

6.2 Future Work

Potential avenues for future work can be split into three main themes: improving
near-field systems, developing THz emitters and developing PCA detectors for THz

systems which use ultrafast fiber lasers at telecom wavelengths.

6.2.1 Near-Field Terahertz Detectors

The most obvious progression of this work is to integrate the metasurface PCA
detectors demonstrated in Section 3.3 into near-field aperture probes. The thin pho-
toconductive region in these devices would improve the sensitivity of near-field

probes, allowing weaker fields to be detected. This could allow smaller apertures to
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be used (1-2 um), increasing spatial resolution.

In addition, in Chapter 2 highly absorbing metasurfaces were developed at
operation wavelengths up to 860 - 870 nm. Further work is required to test the THz
detection properties of these metasurfaces, and to determine whether they achieve
the same sensitivity, efficiency and bandwidth as the detectors developed at 800 nm.
Following this, these detectors could also be adopted in TDS systems, or integrated
into near-field probes for systems that use Ti:Sapphire lasers operating in this longer

wavelength range.

6.2.2 Terahertz Emitters

To develop THz metasurface emitters, further work is required to understand the
discrepancies between the fabricated and simulated metasurfaces in Chapter 4, and
to fabricate metasurfaces which are highly absorbing at 45°. Following this, the
emission properties of the metasurface could be tested using a standard TDS set-up.
Comparing the emission of the metasurfaces to the emission from bulk semiconduc-
tors such as GaAs and InAs would elucidate the relationship between THz emission
and material thickness, which will further develop our understanding of how lateral

and perpendicular photocurrents contribute to emission.

6.2.3 Terahertz Systems at Telecom Wavelengths

Finally, the metasurface design for sub-bandgap absorption in Chapter 5 should
be experimentally tested. Measuring the optical properties of a fabricated struc-
ture based on this design would allow us to better understand the intrinsic material
absorption at this wavelength, which can then be used to inform further metasur-
face designs. Subsequently, these metasurfaces could be used in THz detectors,
and their performance compared to typical InGaAs detectors operating at the same
wavelength. I anticipate that the superior ultrafast material properties of LT-GaAs
and heightened absorption of the metasurface will result in improved performance

compared to typical InGaAs devices.



Appendix A

Derivation of Conditions for Perfect

Absorption

As discussed in Section 2, perfect absorption can be achieved if a metasurface sup-
ports two modes which are: 1) degenerate, 2) critically coupled to the incident field
and 3) of opposite symmetries to each other with respect to the metasurface plane.
To understand how these conditions lead to perfect absorption we consider the ex-
citation of a single lossy dielectric resonator using temporal coupled mode theory
(TCMT) [15, 69, 117]. The metasurface described in Section 2 can be considered
as an extension of this case, as it is made up of an array made up of unit cells which
each contain a single GaAs resonator that individually support Mie resonances of

opposing symmetries. The discussion here is adapted from [15] and [69].

For simplicity, a cylindrical dielectric resonator is considered as shown in Fig-
ure A.1. The resonator is symmetrical about its mirror plane, which cuts through
the central resonator axis. It is excited on one side by light with an electric field
amplitude, E, oriented normal to the mirror plane. Given that the metasurface is
symmetric about its mirror plane and can be accessed from both sides (2-port sys-
tem), the single port excitation can be decomposed into a combination of even and
odd eigenexcitations, incident from the two identical ports. This is shown schemati-
cally in Figure A.1 — the total excitation is split into even and odd contributions, and
the excitations from each port carry half of the total electric field amplitude, E/2.

The even and odd eigenexcitations can only couple to even and odd eigenmodes of
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matching symmetry within the resonator due to the boundary conditions imposed

by the eigenexcitation decomposition [69].

E/2 E/2

+

Even L Odd J
E/2 E/2

Figure A.1: Schematic of eigenexcitaion decomposition for a single 2-port dielectric cylin-
der resonator, adapted from [15]. A one-sided excitation can be considered as
the sum of odd and even eigenexcitations with respect to the metasurface plane
(grey). Each eigenexciation is made up of an excitation at each port of equal
amplitude (E/2) which are symmetric and anti-symmetric to each other for the
even and odd cases respectively.

Mirror

If the even and odd eigenmodes are close in resonant frequency but far from
other higher order modes, they can be analysed using TCMT [15, 69, 117]. Consid-
ering a system which responds linearly to the incident field, the total absorption, A
of the resonator at a given frequency, ®, is a sum of the absorption from even and

odd modes, given by the Lorentz terms [15]:

216 N 216,
(@—wp1)>+(Nn+061)? (0—ap2)*+(n+)

A((D) =Aeven+Aodd = 5 (A.1)

Where ay is the central frequency of each mode, § is the material loss rate
and 7 is the radiative loss rate. One can see from these equations that for each
term, the maximum absorption possible of 1/2 is achieved at the central frequency
for the mode (@ = wy), and when the radiative loss matches the absorption loss of
the material, ¥ = § i.e. when the mode is critically coupled to the incident field.
It therefore follows that full (100%) absorption is achieved when the modes are
degenerate. In practice the Lorentz parameters such as y and d are functions of the
metasurface design and can be tuned by varying the size and shape of the resonators,

as well as the metasurface periodicity.



Appendix B

Finite Difference Time-Domain

Simulations

All the simulations in this work were done using Lumerical [118] - a commer-
cial solver using the finite difference time-domain method [119]. In this method,
Maxwell’s curl equations are solved for each cell in a discrete 3D spatial grid and

at discrete time-steps:

%
0D
==V H (B.1)
and
o _ Ly« F (B.2)
ot Ho

Where ¢ is time, E is the electric field, H is the magnetic field, U is the free space

permeability and D is the displacement field given by:
%
D () = g& (0)E (o) (B.3)

Where o is the angular frequency, €, and & are the complex relative and free space
permittivities. Direct time-domain information is therefore gained, and frequency

domain information can be calculated using the Fourier Transform.

A schematic of the simulation set-up for the simulations in Chapter 2 is shown
in Figure B.1. A unit cell of the metasurface is simulated. A no-loss, constant

refractive index material (n = 1.56) is used to simulate the epoxy surrounding the
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metasurface, and the source is injected into this material. For simplicity, in the
simulations for Figures 2.3 to 2.10 the metasurface was surrounded by this material.
In subsequent simulations (Figure 2.12 onwards) this material covers only half of
the simulation region (surrounding the metasurface) and air (n = 1) is used for the
top half to reflect the arrangement of the fabricated devices (as shown in Fig. B.1).
Where specified in the main text, the metasurface is simulated with constant real and
imaginary refractive indices, or dispersive material properties defined by a multi-
coefficient numerical fitting to material data. This multi-coefficient fit uses a wider
set of basis functions than typical Drude-Lorentz fits, and the number of coefficients
defines the maximum number of inflection points in the fit [120]. For example,
Figure 2.2 of the main text shows the imaginary material data fit using 6 coefficients

with an RMS error of 0.0297 across the spectral range of the simulation.

A plane wave source is launched in the substrate material to excite the meta-
surface. Periodic boundary conditions are applied in x and y-directions, in order
to simulate an infinite metasurface excited by a uniform plane wave. At the z-
boundaries, perfectly matched layer (PML) boundaries are used. These are mod-
elled as layers of absorbing material which is impedance-matched to the materials

in the simulation region in order to absorb incident light with minimal reflections.

The size of the finite mesh used is decided by the smallest feature sizes in
the simulation. For the simulations in Chapters 2 - 4, a uniform mesh with cell
size of 5 nm is used in the region of the metasurface in order to fit the geometry
of the metasurface, with larger, graded meshing in surrounding regions. For the
simulations in Chapter 5 a larger mesh of minimum 10 nm cell size is used, due to

the larger parameter sizes.

Reflection, transmission, and spatial field profile information is gained using
frequency domain power monitors. For reflection and transmission, these are placed
at the top and bottom of the simulation region and integrated output power is mea-
sured across the monitor area (see Fig. B.1) and is normalised to the source power.
These monitors must be placed greater than a wavelength’s length in the material

away from the absorbing structure for accurate results. For field profiles, the mon-
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Figure B.1: Schematic of typical periodic simulation set up in x-y and y-z planes.

itor is placed across the x-y plane, through the centre of the metasurface in the
z-direction. Output fields in all directions (Ex, Ey, E;, Hx, Hy and H,) across the

simulation frequency range can be measured.

Absorption is measured as a product of the electric field intensity and imagi-
nary part of the permittivity, and is integrated over a volume of the simulation region
containing absorbing material. To confirm the accuracy of this measurement, it is

compared against the absorbtion measured asA =1 — (R+T).
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B.1 Finite Numerical Aperture Simulations

In Section 3.2.3 the metasurface was simulated with a gaussian beam excitation, in
order to understand the effect of a finite numerical aperture on the metasurface ab-
sorption. A finite 15 x 15 metasurface array was simulated with PML boundaries in
all directions. Instead of a plane wave source, a gaussian beam source was focussed
on the centre of the metasurface with a numerical aperture of NA = 0.2. Given the
substantially larger simulation size and memory requirement, it was not possible
to measure the power absorbed over the whole metasurface array. Alternatively,
absorption was calculated as A = 1 — (R+ T) using reflection and transmission

monitors.

B.2 Angled Simulations

In order to calculate the metasurface properties when illuminated at an oblique an-
gle in Chapter 4, several changes must be made to the simulation set-up. As shown
in Figure 4.1 of the main text, the metasurface remained perpendicular to the simu-
lation x and y boundaries, and the source itself was angled. The source polarisation
was maintained at 90° to the source angle i.e. in the direction of the vertical bar for

both structures.

In the simulation, the source is launched in the ‘epoxy’ substrate itself, whereas
in reality the light is incident on the sapphire substrate from air, and travels through
the sapphire to the epoxy. To account for this difference, the angle of incidence used
in the simulation was calculated using Snell’s law, to take into account the change
in angle when travelling through the change refractive index in the substrate. Figure
B.2 shows this change in angle and the injection angle from air for each incident

angle in the simulation.

Several problems arise from using a broadband plane wave source at an angle.
Firstly, light is incident on PML boundaries at grazing angles, causing unwanted
reflections. To avoid this, more PML layers are required. For the simulations in
Chapter 4, the ‘Steep Angle’ PML settings were used, which has a minimum of 12

PML layers, rather than the standard 8 layers. The number of layers is increased as
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Figure B.2: Angled illumination: a) Schematic showing refraction of incident beam in sap-
phire and epoxy substrates. b) Graph showing the simulation angle (8,) used
to reflect each incident angle from air (6).

the source angle increases.

Periodic boundary conditions are also problematic for angled sources. Firstly,
periodic boundaries do not take into account the phase change across each period for
angled light. Furthermore, when using periodic boundary conditions the injection
angle of the source varies for different frequencies within the source bandwidth.
This arises from the fact that the in-plane k-vector, k;;pjane, is calculated from the
k-vector at the centre of the simulation bandwidth, kg;,, (which is a function of

frequency, fsin) and the source angle, Og;y,:

kinplane = Ksim SIn Oy (B.4)
ksim = 227" (B.5)
C

Where c is the speed of light. Figure B.3 shows the variation in source angle across
the source spectrum for a source angle of 28°. To prevent these issues, the Lumer-
ical BFAST setting is used, which reformulates the FDTD equations into an angle-
independent basis. However, BFAST settings are inherently more unstable than
standard FDTD settings, and therefore the PML layers and simulation time step
must be increased for stability at larger angles. Convergence testing was used to
find the appropriate values for these when carrying out the simulations in Chapter

4.
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Figure B.3: Angled illumination: Change in simulated source angle with wavelength when
regular periodic boundary conditions are used.

B.3 Simulations at 1550 nm

In Chapter 5 I aim to simulate metasurfaces excited by light at sub-bandgap en-
ergies. In order to do this, constant n, K values are used. The chosen refractive
index of n = 3.37 is taken from [112]. The GaAs refractive index does not change
significantly in the 1.3 — 1.7 um range, justifying the use of a constant value. The
argument for using an extinction coefficient of k¥ = 0.01 is as follows. Several stud-
ies have measured that for the same PCA devices, photocurrent measured when the
device is illuminated at around 1550 nm is approximately 10% of the photocurrent
measured when the device is illuminated at energies above the bandgap (around 800
nm). For PCAs, the photocurrent is proportional to the charge carrier density and
THz field as shown in Equation 3.1. Assuming no thermal generation of carriers,
the charge carrier generation rate is proportional to the absorbance of the material,
which is proportional to its extinction coefficient. Therefore, it can be estimated that
the extinction coefficient is also 10% of the extinction coefficient below bandgap.
This provides an estimate only, as in reality other factors may vary between absorp-
tion above and below bandgap (for example, the rate of carrier recombination may
change depending on the lifetime of the conduction midgap states [106]). More
analysis of the sub-bandgap absorption mechanisms and charge carrier dynamics
would be required to determine a more accurate calculation of the extinction coef-

ficient.



Appendix C

Fabrication Methods

The basic metasurface fabrication procedure is described in Section 3.1.1. This
appendix aims to provide more information about specific fabrication conditions

and methods used.

The low temperature (LT) GaAs used for the metasurface is grown at 250° on
a semi-insulating (SI) GaAs substrate. Two AlGaAs stop-etch layers are grown 100
nm apart between the SI-GaAs and LT-GaAs. The LT-GaAs is annealed at 600°
for 40 seconds in forming gas. For the metasurface EBL patterning, two layers
of photoresist (PMMA495A4/PMMA950A4) are used to assist with mask lift-off.
When determining the correct fabrication procedure for a specific metasurface de-
sign, several metasurfaces are patterned in a grid, with one metasurface parameter
(eg. vertical bar width) varied in one direction, and electron-beam dosage varied
along the other direction. By inspecting the designs in an SEM and testing their op-
tical properties after fabrication, the pattern and electron-beam dosage are chosen
which give an accurate replication of the intended metasurface design. This may
vary between different metasurface designs.

The photoresist is developed using a 1:3 ratio methyl isobutyl ketone / iso-
propylalcohol (MBIK/IPA) solution for 60s and rinsed with IPA. A hard 30 nm
SiO, mask is deposited using electron beam evaporation. The sample is then left
to soak in acetone to remove the excess photoresist and leave the Si0, mask on the

LT-GaAs.

The metasurface pattern is etched in an inductively coupled plasma (ICP) re-
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active ion etching (RIE) chamber with BCl3, Ar and N, gases in a combination that
minimises undercutting. The Si0, mask is then removed using a buffered oxide wet
etch.

If the metasurface is used in a PCA detector, the metallic dipole antennas are
patterned using EBL, electron-beam evaporation and lift-off in a similar way to the
metasurface pattern. The antenna bars are 200 nm thick, 10 um wide, and ~80 um
long.

The metasurface is then turned over and stuck to 0.5 mm thick sapphire sub-
strate using ~2 um of epoxy. The metasurface is then mechanically lapped on the
exposed SI-GaAs side and wet etched in citric acid and hydrogen peroxide to the
AlGaAs stop-etch layers. The result is that the LT-GaAs metasurface is exposed
on one side, submerged in epoxy, with the metallic antennae deposited on the other

side, attached to the sapphire substrate.
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