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Abstract

This PhD work explores ways to use ultrafast electron field emission as an enabling
phenomenon for the development of new technologies. The work has been carried
out as a research project of both fundamental science and innovation. As a result,
the dissertation covers a wide range of scientific observations of which only a few
have been selected for further scrutiny based on their potential use in future tech-
nologies.

Electron field emission is a phenomenon that occurs in physics when a strong elec-
tric field in the order of V/nm is applied to a subject like an atom, a molecule or
solid state material. Under such conditions, electrons residing inside the subject
can undergo quantum mechanical tunnelling to emit into the surrounding envi-
ronment. In a technology context, the required electric field has historically been
applied using electronics. With the rapid development of highly intense, ultrafast
femtosecond (fs) lasers over the last 2-3 decades however, it has become possible to
access the required electric field regime using optical methods. An important, in-
herent capability of ultrafast laser pulses is that they lead to on/off switching times
of the electric field that are several orders of magnitude below what can be reached
with electronics. The associated electron field emission is therefore also taking place
on ultrafast time scales, which ultimately leads to a branch of fundamental science
that is still relatively unexplored.

In this work, we use ultrafast laser pulses to generate single-cycle terahertz
(THz) electromagnetic transients of ∼ 1 picosecond time duration and peak electric
fields ∼ 100 kV/cm. The THz transients enable ultrafast electron field emission
from 2-D periodically arranged arrays of sub-wavelength metal antennas called
metasurfaces. By carefully engineering the metasurfaces, we enable field emission
with compact table-top laser systems. Such engineering is based on numerical sim-
ulations using the software package CST MWS followed by nano-fabrication in the
National Danish Cleanroom, located at DTU.

We observe via permanently imprinted damage patterns how currents are dis-
tributed in our antennas and how the electron emission can be visualized as a pro-
jection onto the metasurface substrate. The linearity of numerical simulations are
corroborated with a THz-THz autocorrelation experiment, which experimentally
demonstrates the ultrafast fs emission time scale.

As a first technological development, we initiate work on how to use the elec-
tron emission to initiate chemical reactions. The aim is to resolve the chemical dy-
namics on a fs time scale using e.g. electron pump - optical probe experiments. To
do this, we cast polymer-based chemical systems directly on top of the metasurfaces
and observe both permanent polymer re-configuration as well as a transient scin-
tillating effect. We use Monte Carlo-based numerical methods to explain the latter
and gain insight into the electron dynamics inside the polymer.
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Next, we utilize the ability of field emitted electrons to ionize a surrounding ar-
gon gas, which creates a visible plasma glow discharge that we record with a CCD
camera. Such non-linear mapping from THz into the visible goes via the electric
field seen by the metasurfaces. This enables detection of a wide range of character-
istics pertaining directly to the electric field, of which we demonstrate determina-
tion of polarization and absolute polarity. In addition, we demonstrate single-shot
2-D imaging of THz transients with peak electric fields ∼ 100 kV/cm.

The innovative pinnacle comes from a collaboration with the Japanese company
Hamamatsu Photonics. Here, we embed metasurfaces into sensitive light detection
devices called photomultiplier tubes (PMTs), in order to extend the PMT working
range from near infrared light into the THz frequency regime. We use this to verify
that field emission from metasurfaces can also be enabled by laser pulses in the
range 2.6 → 12 μm. These results are used to conclude that field emission can
be enabled by all frequencies in the entire THz- and infrared frequency range. We
subsequently demonstrate an extended technique where the THz electric field is
mixed with the electric field from an electronic source. This increases the sensitivity
of our PMTs drastically. In sequel, DTU and Hamamatsu Photonics will continue
the PMT development for years to come, thus proving that fundamental science
and innovation can in practice go hand in hand.
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Resumé

Dette ph.d.-projekt undersøger forskellige måder at bruge ultrahurtig elektronfeltemis-
sion (FE) som et redskab til at udvikle nye teknologier. Arbejdet er udført som et
tværfagligt forskningsprojekt mellem grundforskning og innovation. Som et resultat
dækker afhandlingen en lang række videnskabelige observationer, hvoraf kun nogle få
er udvalgt til yderligere undersøgelse baseret på deres potentielle anvendelse i frem-
tidige teknologier.

FE er et fænomen som forekommer i fysik, når et stærkt elektrisk felt i størrelsesorde-
nen V/nm påtrykkes et objekt såsom et atom, et molekyle eller et fast stof. Under en
sådan påvirkning kan elektroner inde i objektet blive udsendt til det omgivende miljø
via kvantemekanisk tunnellering. I en teknologisk sammenhæng har man historisk an-
vendt elektronik til at nå det påkrævede elektriske feltregime. I løbet af de sidste 2-3
årtier er det imidlertid blevet muligt at få adgang til dette regime ved hjælp af optiske
metoder. Det er sket i takt med udviklingen af meget intense, ultrahurtige femtosekund
(fs) lasere. Med ultrahurtige laserpulser har man automatisk indlejret tænd- og sluk-
tider af det elektriske felt som er flere størrelsesordener under det, der kan nås med
elektronik. Den tilhørende emission af elektroner finder derfor også sted på sådanne
ultrahastige tidsskalaer, hvilket i sidste ende fører til en gren af grundvidenskab, som
stadig er relativt uudforsket.

I dette projekt bruger vi ultrahurtige laserpulser til at generere elektromagnetiske
transienter bestående af terahertz (THz)-frekvenser. Transienterne ligner laserpulser
i deres optiske egenskaber, men består af kun en enkelt svingning i det elektromag-
netiske felt af ∼ 1 picosekunds (ps) varighed og med en maksimal elektrisk feltstyrke
på ∼ 100 kV/cm. THz-transienterne muliggør ultrahurtig FE ved belysning på 2-D pe-
riodiske mønstre af metalantenner. Disse metalantenner er mindre end bølgelængden
af lyset, og deres samlede arrangement kaldes derfor for en metaoverflade. Gennem
omhyggeligt design af vores metaoverflader muliggør vi i dette projekt FE med kom-
pakte laboratorielasersystemer. Designprocessen er baseret på numeriske simuleringer
ved hjælp af softwarepakken CST MWS efterfulgt af nanofabrikation i Danmarks Na-
tionale Renrum, der er placeret på DTU.

Vi observerer, via permanente overfladeskader, hvordan de elektriske strømninger
fordeles i vores antenner, og hvordan FE kan visualiseres som en projektion på sub-
stratet under metaoverfladen. Lineariteten af vores numeriske simuleringer bekræftes
med et THz-THz autokorrelationseksperiment, der eksperimentelt demonstrerer den
ultrahurtige fs emissionstidsskala.
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Som det første skridt i retning af en teknologisk udvikling ser vi på, hvordan man
kan bruge FE til at starte kemiske reaktioner. Målet er at udforske den kemiske reak-
tionsdynamik på en fs-tidsskala ved anvendelse af et pumpe-probe eksperiment, hvor
elektronerne bruges som pumpe og en optisk laserpuls som probe. I dette projekt støber
vi polymerbaserede kemiske systemer direkte oven på metaoverfladerne, hvorved vi
observerer både permanent polymerrekonfiguration såvel som en kortvarig scintilla-
tionseffekt. Vi bruger Monte Carlo-baserede numeriske metoder til at forklare sidst-
nævnte og få indsigt i elektrondynamikken inde i polymeren.

Dernæst udnytter vi de feltemitterede elektroners egenskab til at ionisere en om-
givende argongas. Dette skaber et lokalt mikroplasma som udsender synligt lys, og som
defor opfanges med et CCD kamera. Sådan en ikke-lineær afbildning fra THz til synligt
lys går via det elektriske felt som opfanges af metaoverfladerne. Teknikken muliggør
dermed detektion af en lang række egenskaber af det elektriske felt, hvoraf vi demon-
strerer bestemmelse af polarisering og absolut polaritet. Derudover demonstrerer vi,
hvordan man kan genskabe et 2-D-billede af en enkelt THz-transient med en maksimal
feltstyrke på ∼ 100 kV/cm.

Det innovative højdepunkt kommer fra et samarbejde med det japanske firma Hama-
matsu Photonics. Her indlejrer vi metaoverflader i følsomme lysdetekteringsenheder
kaldet photomultiplier tubes (PMT’er). Det gør vi for at udvide det bølgelængdeom-
råde, som PMT’erne er følsomme over for. Med denne teknologi viser vi, at FE fra vores
metaoverflader kan drives af lys i området 2, 6 → 12 μm. Disse resultater bruges til at
konkludere, at feltemission kan drives af lys gennem hele det infrarøde bølgelængdeom-
råde - inklusive THz. Vi demonstrerer efterfølgende en udvidet teknik, hvor det elek-
triske THz-felt blandes med det elektriske felt fra en elektronisk kilde. Dette øger føl-
somheden af vores PMT’er drastisk.

I de kommende år fortsætter DTU og Hamamatsu Photonics PMT-udviklingen. Dette
viser, at grundforskning og innovation i praksis kan gå hånd i hånd.
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Introduction

The year of 2015 was entitled the "International Year of Light" by the UN General As-
sembly. The title was given in recognition of the transformative impact that light-based
technologies have on our modern society - all the way from medical surgery over man-
ufacturing to the backbone of the Internet. In particular, the entitlement was used to
underline the fact that light still holds great potential to partly or fully solve many of the
most fundamental issues that today’s global society face. Prominent examples include
solar cells used to establish a sustainable future for our increasing energy consump-
tion and optical fiber communication used to make access to information universal for
a large part of the world. Moreover, our next generation of medicine is personalized,
based on sequencing the human genome with light. The understanding of our place
in the universe is explored with large telescopes, and gravitational waves are recorded
using laser light. Even a part of our human inter-connectivity is based on light, exempli-
fied by cameras and images which we use to communicate our perception of the world
to others.

The next decade is likely to see an exponential increase in the use of light as an en-
abling technology for an even larger set of solutions. In some cases, we are already
aware that light is of particular interest, e.g. when transitioning from computers based
on electronics to some based on optics and even optically-enabled quantum computing.
We are also well aware that if we illuminate an object with light, its response is typically
to send light back in a form that carries information about the object. We use this in-
creasingly to determine when our crops are ripe to be harvested, to figure out if there is
water on Mars as well as for medical diagnostics in wearable technologies, to mention
a few. The use of light is thus becoming an increasingly cross-disciplinary field. This
consequently leads us to believe that there are a vast amount of problems that have yet
to find their solution within light-enabled technology.
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Chapter 1. Introduction

The present PhD dissertation finds it roots within the stated field of light as an enabling
technology to solve cross-disciplinary problems. The overarching topic is the use of far-
infrared light - called terahertz (THz) light - to enable a very specific physical phe-
nomenon called electron field emission (FE). In short, FE allows electrons bound in e.g.
atoms, molecules or solids to escape their parent state when subjected to a strong elec-
tric field and be free to move away, thus leaving the original system with a different
macro charge. Upon leaving the system, we say that an electron has emitted. FE from
metals and semi-conductors is a well-known phenomenon. It has been used extensively
for technologies such as electron microscopes and old CRT television sets where emit-
ted electrons are swept over the inner side of the television screen to make it light up.
In this work, we shall similarly focus our attention to FE from metals and in particular
to sharp tips of metals, which we will refer to as emitters. By sharpening an emitter, it
is possible to generate a high concentration of the electric field, which will increase its
strength and hereby the FE effect.

Figure 1.1: Outline of two different techniques to enable FE. a) shows electronically enabled FE,
where an electronically applied bias between two points creates a strong electric field at the apex
of an emitter. b) shows optically enabled FE from the same emitter, but with the electric field
supplied by a focused, short laser pulse.

A core requirement for FE is a very strong electric field in the order of GV/m. Such
electric field strength is almost 3 orders of magnitude larger than the static dielectric
breakdown field for air which, although sometimes initiated by a field emitted electron,
is effectively an avalanche effect. This leaves two options for enabling FE alone: 1) do-
ing it in vacuum or 2) switching the electric field on and off so fast that the dielectric
breakdown does not have time to take place. The former option is chosen when us-
ing electronics to provide the electric field, since transistors do not allow for switching
times that are fast enough to avoid the breakdown of e.g. air. We shall refer to this as
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Chapter 1. Introduction

electronically enabled FE. The latter option can be used if the electric field is supplied by
a short, intense laser pulse. We shall refer to this as optically enabled FE. Both of these
techniques are outlined in Fig. 1.1.

Historically speaking, FE has almost exclusively been electronically enabled and
much less work has been conducted to investigate how it behaves when being optically
enabled. We consequently know very little of the potential for optically enabled FE to
solve important problems, let alone the physics of the phenomenon under the optical
conditions.

At this point, we have to specify some constraints to the optical electric field that can
be used for FE. For this purpose, Fig. 1.2 illustrates the electromagnetic spectrum from
microwaves to deep UV.

All of the illustrated frequencies can in principle provide a sufficient electric field for FE.
However, frequencies from visible and upwards also posses enough individual photon
energy to directly induce a photoelectric effect, whereby the energy of a single photon
is absorbed into the energy of an electron that subsequently emits. In this frequency
regime, the photoelectric effect is the dominant electron emission effect.

By moving down into the infrared photon energy regime, the photoelectric effect
becomes less likely as it starts to rely on multi-photon absorption. At this point, the
dominant electron emission comes from either

� the thermal effect if the time-averaged laser intensity is sufficiently high such that
a significant amount of energy is deposited into the emitter, or

� from FE if the laser peak intensity is sufficiently high such that the instantaneous
electric field reaches GV/m while thermal emission is negligible.

When entering the microwave regime, the wavelength becomes so large that it is
very difficult with most tabletop sources to establish sufficient intensity - even in a
diffraction limited spot - to generate electron emission at all. In this case, the field needs
to be confined in e.g. a waveguide to produce FE which, incidentally, ends up as a par-
asitic effect in most cases. Luckily, modern transistors operate up to roughly 300 GHz,
meaning that FE at microwave frequencies does not require microwaves at all, but can
be electronically enabled with an a.c. bias between two points.

In light of the above, we can confine the relevant frequency regime for studies of
optically enabled FE to lie in the infrared and THz regime. Moreover, we need to use
pulsed laser light in order to generate suitable electric field strengths with a tabletop
laser system. This results in general electromagnetic transients that have a temporal
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Figure 1.2: The electromagnetic spectrum indicating the single photon wavelength, energy
and temperature for each frequency decade. Notation includes: THz = terahertz, MIR = mid-
infrared, NIR = near-infrared and UV = ultraviolet.

width in the order of 1 picosecond (ps) in the THz regime and hundreds of femtosec-
onds (fs) in the mid-infrared (mid-IR) regime. We can in other words switch the applied
electric field on our emitter on and off much faster than with any a.c. bias - hence the
dissertation title ultrafast electron field emission.

Ultrafast FE is a growing field of interest for the THz and IR science community. For
this matter, we will briefly introduce the hottest contemporary topics below. Based on
this, we shall position ourselves in the bigger landscape before moving on to our own
detailed body of work.

1.1 | Contemporarywork on ultrafast field emission

FE pertains to the larger subcategory of quantum tunneling of massive particles through
energy barriers that are classically impenetrable. Anyone pursuing an understanding
and potential control over systems on a quantum level will very soon encounter this
type of phenomenon in their endeavours. As the name indicates, quantum tunneling
happens on quantum scales, which are the scales of the spatial extension of single atoms:
The nanometer (nm). It is on the nm scale that massive particles like electrons, protons
and neutrons exhibit a wave-like nature, which is famously named the particle-wave du-
ality. FE occurs when these massive particles move via their wave nature to overcome
the laws of classical physics. The importance of this fundamental wave nature is hard
to overestimate when explaining many different breakthroughs in modern physics - FE
included. In the following, we shall give a brief overview of contemporary research re-
lated to ultrafast field emission and use this to position ourselves in the bigger picture.
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Here, we will take the liberty of using technical terminology specific to the scientific
field which will be presented in further detail when relevant throughout the disserta-
tion.

FE is commonly considered in the context of electrons emitting from a metal or semi-
conductor surface into vacuum. There is significant amount of insight to be gained from
detecting and analyzing the emitted electrons.

Ropers et. al. [1, 2] illuminate tungsten nanotips with THz and mid-infrared ultra-
short pulses and use the sharp nanotip to confine part of the pulse energy to a highly
subwavelength volume. Applying this method, the authors demonstrated the transi-
tion from a pure THz FE regime over field-assisted photoemission to pure photoemis-
sion with sub-cycle THz acceleration of emitted electrons. The sub-cycle THz control
of electrons has further been utilized for a time-resolved measurement of the THz tran-
sient itself via electron streaking [3]. The aim of these experiments was to demonstrate
how THz transients can be used for ultrafast control of electrons, thus possibly enabling
ultrafast current switching for future optoelectronics. In line with this, THz accelera-
tion of photoemitted electrons has been demonstrated both in free-space [4] and in a
waveguide [5]. This opens an interesting avenue for compact linear accelerator devices
in table-top format to be accessible for a general scientific audience.

FE driven purely by the THz transient from a nanotip is being investigated by Cooke
et. al. [6] with the ultimate aim to create an ultrafast electron source for time-resolved
electron diffraction experiments. Such an instrument relies on the coherence proper-
ties of THz field emitted electrons, which (to the best of our knowledge) still has to be
experimentally verified.

Hommelhoff et. al. [7] demonstrated already in 2006 how near-infrared pulses at
λ = 810 nm can be used for ultrafast FE, although with a significantly lower num-
ber of electrons per shot compared to THz-driven FE due to the shorter duration of
the laser half-cycle. Vogelsang et. al. [8] later demonstrated how such near-infrared
FE can be enabled by coupling the laser light into a surface plasmon 50 μm from the
nanotip and propagating the surface plasmon to the tip for increased field confinement
and thereby FE. The energy distribution and - most importantly for spectroscopic or
diffraction-oriented experiments - the width of said distribution has been demonstrated
to be sub-eV [9] and the effect of carrier-envelope phase (CEP) on FE in the near-infrared
has furthermore been investigated [10]. The fundamental idea about using nanotips for
field-assisted photoemission has been demonstrated in a large-scale field-emitter array
by Swanwick and Dong et. al [11, 12].

The idea of using a nanotip for THz and infrared field confinement has been used in
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the group of F. Hegmann [13, 14] to demonstrate a THz-STM. The concept applies the
well-known scanning tunnelling microscope (STM) principle of imaging via the electron
tunnelling effect between tip and sample, where the tunnel current is modulated by the
additional THz field. This enables a time resolution of the order of 100 fs which has
been used to track the motion of a single molecule [15].

To increase the efficiency of the field confinement on a nanotip, various groups have
resorted to arrays of sharp and resonant antenna arrays called metasurfaces [16, 17,
18, 19]. To create metasurfaces with THz resonances, the antennas have macro length
scales of tens or hundreds of μm while possibly maintaining microscopic tip radii of
the nm-scale. Due to the fact that THz metasurfaces are based on a substrate, the field
confinement leads to various other effects than simply FE. Liu et. al. [20] have shown an
insulator-to-metal transition in vanadium dioxide based on the field enhancement from
split ring resonator antennas. Pein et. al. [21] have demonstrated THz-field driven lumi-
nescence from CdSe–CdS colloidal quantum dots placed on a simple wire grid surface,
which has been proposed as a novel THz detection device [22].

In line with the THz-STM, Rybka et. al. [23] have shown that d.c. tunnel currents
between two bow-tie antenna tips can be modulated by a THz transient and that the
modulation is sensitive to the CEP. A similar idea was used to demonstrate ultrafast
tunneling emission in graphene nanogaps based on field-assisted photoemission [24].

FE of electrons into vacuum using metasurfaces is still a limited area of research.
There have been some reports on the use of near-infrared-driven FE using plasmonic
nanoparticles and plasmonic antenna arrays by Schertz et. al. and Dombi et. al., respec-
tively [25, 26]. Lombosi et. al. [27] presented briefly in 2015 that FE from rough Au films
could be driven purely by THz transients and Iwaszczuk et. al. [28, 29] have reported on
nitrogen plasma formation due to THz-driven FE from metal antennas. These findings
demonstrated how ultrafast electromagnetic transients can enable both emission and
acceleration of electrons from metal tips into a gas at atmospheric pressure, without ob-
serving dielectric breakdown of the gas itself.

The work presented in this PhD dissertation is inspired by the aforementioned work by
Iwaszczuk et. al.. This work employed metasurfaces consisting of Au antennas to work
as electron emitters. Based on the strong field confinement obtained via the antenna
resonances, FE was obtained from tip apices as large as μm-size. The FE was driven
purely by the THz transient without any additional voltage bias. In order to reach a
purely THz-driven field regime, free-space THz transients were coupled to the meta-
surface with an in-plane electric field vector. Hence, the FE remained in plane with the
metasurface substrate. Since the emission in [28, 29] was observed via ionization of a
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surrounding gas, this in-plane emission was not problematic from a detection point of
view. However, for direct detection of the emitted electron e.g. in vacuum, the in-plane
emission poses a significant practical problem.

The next logical question then arises: What can we learn from this in-plane emission
that is hardly accessible, and what can we use it for in a technology context? These
are the two core questions that we shall address in this dissertation. To the best of our
knowledge, there have not been any elaborate reports nor demonstrated technologies
based on these two particular questions, apart from was has been presented above. The
nature of our work is therefore very exploratory.

1.2 | Layout of the dissertation

This dissertation is divided into four main parts.

Part 1 is entitled Fundamentals of THz, field emission and metasurfaces and it contains the
three chapters 1, 2 and 3. Chapter 1 provides an introduction to THz generation and
detection. A special emphasis is put on optical rectification and electro-optic sampling,
which are the two workhorse methods used for our experiments. Chapter 2 gives a
brief historical introduction to FE in order to set the scene for ultrafast FE. The Fowler-
Nordheim theory behind FE of electrons from metals is treated in detail and compared
to alternative methods for emission of electrons, including thermal- and photoemission
in both field- and non-field assisted cases. Moreover, we will look at the Keldysh pa-
rameter and discuss the significance of Fowler-Nordheim plots. Chapter 3 lists the pros
and cons for using metasurfaces for FE in general. We introduce the two metasurfaces
that are used for our optical experiments and characterize their behavior with numer-
ical simulations. Lastly, we present the procedure for fabricating the metasurfaces in a
cleanroom.

Part 2 is entitled Metasurfaces in high-field and ultrafast experiments and it contains the two
chapters 4 and 5. Chapter 4 shows a range of experiments that relate to the interplay
between antennas and substrate, as well as the effect of driving high current densities
in the antennas. We present a THz-THz autocorrelation experiment to corroborate our
numerical simulations and to verify that the electron FE is in fact ultrafast. A com-
parative experiment is performed on a graphene metasurface. Chapter 5 presents two
experiments in which a metasurface is covered by a solid polymer. The first polymer is
electron-sensitive upon long-term exposure and it is used to demonstrate how ultrafast
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FE can be a tool to directly inject and accelerate electrons inside a chemical, thus making
a compact platform for pulse radiolysis experiments with unprecedented time resolu-
tion. The second polymer is doped with scintillating molecules that fluoresce when
subjected to the field emitted electrons. This is used in combination with Monte Carlo
simulations to strengthen the argument that electrons have been injected into the poly-
mer.

Part 3 is entitled Light detection using metasurfaces and it contains the two chapters 6 and
7. Chapter 6 is a direct extension of the work presented in [28]. Here, a THz-illuminated
metasurface facilitates FE that ionizes a surrounding gas with a visible glow discharge.
Upon imaging the discharge, it is possible to record the 2-D mode profile of the THz
beam. It is shown how an asymmetric antenna design can be used to distinguish differ-
ent polarities in a single-cycle THz transient and determine the absolute polarity. Fur-
thermore, it is shown how this imaging technique can be used for single-shot imaging
via mathematical filtering. Subsequently, we present that FE can be driven by frequen-
cies from 0.1 to 5 THz (3 mm to 60 μm) and from 2.6 to 5.5 μm. Chapter 7 presents a
novel class of photomultiplier tubes (PMT) with a metasurface embedded as the pho-
tocathode. We present a range of experiments to showcase the PMT functionalities at
THz frequencies. Afterwards, we introduce new metasurface designs that enable PMT
sensitivity from 2.6 to 12 μm. We subsequently present a novel metasurface design that
incorporates an additional electric field from an electrical circuit. It is shown how this
technique can pave a way towards ultra-sensitive PMTs in the entire THz- and infrared
range.

Part 4 is entitled Conclusions. It contains the main conclusions from the entire work, as
well as a publication list and bibliography.
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Fundamentals of THz, field emission

and metasurfaces
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2

THz generation and detection

It is common in the scientific community to refer to electromagnetic radiation at THz
frequencies as the THz gap. The reason for doing so is that THz radiation generally falls
higher in frequency than what can be handled by electronics, but lower in photon en-
ergy than what can be handled by techniques relying on single- or few photon-electron
interactions. The latter can be referred to as the photonic regime, whereas the former is
the electronic regime. Within both regimes, there are a large host of techniques suitable
for both generation and detection. In the THz regime however, there has historically
been a significant shortage of strong and compact sources as well as sensitive detectors.
This shortage is being addressed at an accelerating pace these years due to advances
in fabrication techniques and an emerging demand not just from academia, but also
industry.

In this chapter, we shall initially take a look at some of the most common THz gen-
eration schemes used to address both low and high powers and fields. We will particu-
larly focus in on optical rectification, as this is the technique employed in our laboratory
setups used for this work. We shall subsequently look at the detection of THz from both
focal plane array (FPA) detectors as well as coherent detection schemes.

2.1 | THz generation

THz generation techniques can, crudely speaking, be divided into the following cate-
gories, listed in increasing cost, size and complexity:

1 Compact tabletop sources that are commercially available and attractive for lab-
oratories as well as for industrial applications. These mainly include quantum
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cascade lasers (QCLs) and photoconductive (PC) switches pumped with a low-
power fs laser.

2 Large tabletop sources, which are primarily used in laboratories. These include
standard fs lasers at optical or near-IR (NIR) frequencies that act as a pump source
for a host of non-linear processes that ultimately produce THz radiation. In our
laboratory - as in many others - the main work-horse for high-power THz genera-
tion is the Ti:Sappire regenerative amplifier. Such pump laser can be used for THz
generation through optical rectification, difference frequency generation and air
plasma generation, among others.

3 Vacuum electronic sources. These sources are well established in the microwave
regime and are constantly being pushed to higher frequencies by improvement of
fabrication techniques. Some of these sources are somewhat tabletop sizes, like
travelling wave tubes, backward wave oscillators, magnetrons, klystrons and gy-
rotrons. However, they are all limited by their power density management, which
scales as Power ∝ 1/ω2 [30]. Frequencies above 1 THz are thus hard to reach. As
a result, large scale vacuum electronic facilities are used as free electron lasers
(FEL) instead. Some leading FEL facilities include including DESY/Germany,
SLAC/USA, SACLA/Japan, UCSB/USA and FERMI/Italy.

The quantum cascade laser (QCL) is undoubtedly the current technology that receives
the most attention as a widely applicable source for both THz and IR. The IR QCL
was first demonstrated in 1994 [31] and it was scaled to include THz in 2002 [32].
QCLs are already commercially available in both pulsed and continuous wave (CW)
versions with multi-Watt average power in the IR range and slightly above 1 W aver-
age power in the THz range [30]. It has however proven challenging to push pulsed
QCLs into mode-locking for very short-pulse generation, which is required for obtain-
ing very high electric fields without the risk of depositing too much power into one’s
sample - at least when conducting nonlinear experiments. Recent developments have
demonstrated pulses down to 11 ps centered around 2.6 THz [33]. This short duration
is already within two orders of magnitude from THz pulse duration from more estab-
lished generation techniques based on difference frequency generation (DFG) in optical
fs pulses, which can be sub-ps. Therefore, QCLs could very well be moving into the
ultrafast fs sciences within the next decade.

PC switching is arguably the most established technique for both THz generation
and detection [34]. Here, metal electrodes are placed on a semiconducting substrate
(usually low-temperature grown GaAs) and a bias voltage is put between the elec-
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trodes. The substrate is then irradiated with an optical fs pulse between the electrodes,
which generates a large number of photo-carriers that accelerate in the applied bias.
This leads to a current transient that irradiates THz. By shaping the electrodes to cer-
tain antenna geometries and adding a collimating lens, PC switches can be made as
one-piece integrated systems that are finding increased use in a variety of applications
[35, 13, 36, 37, 38, 39].

A second growing area of interest with respect to high-power THz generation are par-
ticle accelerators and in particular linear accelerators, called linacs. Here, bunches of
charged particles (electrons, protons or even entire atoms or molecules) are injected into
a linear acceleration stage that increases their energies up to MeV or GeV. A common
setup incorporates a RF gun for electron injection. Electron bunches are subsequently
compressed to ps or sub-ps duration and shot on to a target. Depending on the setup
and type of target, it is possible to generate a wide range of radiation all the way from
microwaves to hard X-rays - THz included. One example is the Pohang Accelerator
Laboratory (PAL), where the electron bunches are shot into an aluminium foil [40], [41].
This enables coherent transition radiation in the THz range at the vacuum-metal inter-
face [42] with 10 μJ pulse energies in a 0.3 → 3 THz spectral range and 150 fs time
duration [40].

Linacs can be made relatively compact (meter length scale) in order to be used for
e.g. radiotherapy treatment in hospitals. However, in order for linacs to fulfill their full
potential, they must be miniaturized to a much larger degree. Work is therefore being
carried out at DESY to use THz transients as an acceleration gradient in a waveguide to
achieve relativistic electron energies on a mm- or cm length scale [4], [5].

Both commercial and laboratory THz systems are to this day still dominated by THz
generation based on DFG in optical fs pulses. The basis of the THz generation is to take
two photons of slightly different frequency within a short fs laser pulse and introduce
them into a system where they mix. We can describe the high- and low-energy photons
as ω1 and ω2, respectively. Within the mixing system, ω1 splits up into two photons;
one that is identical to ω2, and one that has the difference frequency ω3 = ω1 − ω2 such
that energy conservation is obeyed. This process is displayed as an energy diagram in
the inset of Fig. 2.1.

In this work, unless otherwise stated, we use a DFG process to generate THz tran-
sients. We note that the pulse output from e.g. a Ti:Sa amplifier system is denoted a
laser pulse, since it is actually generated in a lasing setup. When using this laser pulse to
generate other frequencies in a non-linear crystal outside of a cavity, the resulting pulse
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inherits the laser pulse characteristics. However, since it was not generated in a lasing
system, it is more generally referred to as an electromagnetic transient.

For our THz generation, we shall use pump laser pulses with a Gaussian energy
distribution. The pulses have central wavelength λc = 800 nm, a FWHM wavelength
bandwidth Δλ = 13 nm and a time duration Δt = 100 fs. As shown in Fig. 2.1, the fre-
quency bandwidth is Δω = 6.1 THz. The time-bandwidth product is thus ΔtΔω = 0.61,
which is not far from the time-bandwidth limit of 0.44 for a Gaussian pulse. The discrep-
ancy comes from the fact that the pulse is pre-chirped to optimize the THz generation.
these laser pulses are obtained either from a Solstice Ace or Spitfire Ace Ti:Sapphire re-
generative amplifier system from Spectra Physics. Our average power is 5 W at 1 kHz
repetition rate.

Figure 2.1: Wavelength- and frequency spectrum for a pump laser pulse centered at 800 nm and
with 13 nm bandwidth, corresponding to 6.1 THz.

In Fig. 2.2, we illustrate how to use the 800 nm laser pulses for THz generation. First, a
pulse is sent on to a grating that introduces a spatial chirp with shorter wavelengths on
top of longer wavelengths. This gives rise to a tilt in the wavefront. The pulse is then
focused into a LiNbO3 crystal at a 63◦ angle, which is shown in the round inset in Fig.
2.2 [43]. This method is called a tilted pulse-front configuration and it ensures optimal
phase matching conditions between the pulse and the THz generation inside the crystal.
To increase the THz out-coupling efficiency from the crystal, we applied a thin layer of
Kapton tape to the output facet. The refractive index at THz frequencies for Kapton tape
lies between LiNbO3 and air, which increases the surface layer matching and gave us a
14% THz power increase.

The THz generation itself comes from optical rectification, which is a χ2 effect orig-
inating from the centro-symmetric crystal structure of LiNbO3. Optical rectification be-
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Figure 2.2: Schematic of THz generation using optical rectification in a tilted pulse front config-
uration. A 100 fs pump pulse with 800 nm center frequency is spatially chirped on a grating in
order to tilt the pulse front and align it with the in-coupling facet at the corner of a LiNbO3 crys-
tal. This ensures phase matching between the pump and the generated THz, thus increasing the
interaction length and therefore the generated THz power. A thin layer of Kapton tape is added
to the out-coupling facet to better match the refractive indexes of the crystal and air for better
out-coupling efficiency.

longs to the set of DFG processes, which naturally conserve both energy and momen-
tum - this is shown schematically in the square inset of Fig. 2.2. In the depicted photon
picture, DFG is driven by a pump (ω1) and a signal (ω2), where the energy from the
pump is put into the signal and a third frequency (ω3) called the idler. The signal and
idler leave the LiNbO3 crystal at different angles to conserve momentum [44]. Unlike
the simple ray picture that the inset suggests, the THz generation takes place over some
propagation distance inside the crystal and not at a fixed focal point. Note that LiNbO3

also absorbs THz, which is the reason that the optimal generation takes place close to
the corner of the crystal.

After leaving the LiNbO3 crystal, the THz beam is collected with off-axis parabolic
(OAP) mirrors to guide it into subsequent parts of the experimental setup.

2.2 | THz detection

Contrary to working with microwaves or visible electromagnetic frequencies, THz does
not offer an impressive variety of different detectors. This is due to the earlier mentioned
fact that THz frequencies are too high for electronics to resolve and the associated pho-
ton energies are loo low to enable a photocurrent in e.g. optical detectors. Generally
speaking, there are two categories of THz detectors:

� FPA detectors based on thermal effects. These include, but are not limited to, py-
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roelectric detectors, VOx microbolometers and thermopiles [45]. Such detectors
rely on a local change in temperature due to absorbed THz power. The change is
measured against a reference point that differs for the different detector types.
Pyroelectric detectors rely on the pyroelectric effect, in which heat induces a tran-
sient voltage drop over a ferroelectric crystal [46].
VOx (vanadium oxide) microbolometers are arrays of bolometric detectors where
the absorption material is some stoichiometric version of vanadium oxide. A local
change in temperature based on THz absorption results in an associated change
in electrical conductivity between two electrodes, which can interpreted in terms
of total incident power [47].
Thermopiles utilize the effect that when joining two different metals together,
there will be a mismatch in their Fermi levels at the interface. This will cause
an electromotive force on charge carriers, which is temperature dependent [48].

� Coherent detection schemes. These are based on introducing the THz signal into
a detection medium along with a second optical signal, which is mostly an optical
fs pulse. Common detection schemes include PC switching, air biased coherent
detection (ABCD) and electro-optic (EO) sampling. The basis for these detection
schemes is the stroboscopic effect where the instantaneous effect of the THz elec-
tric field in the detection medium is probed with the much shorter optical pulse.
By continuously changing the delay between the THz and optical pulse, one can
record the THz temporal waveform.
PC switching relies on the same effect as previously introduced for THz gener-
ation. Here, the optical pulse generates photo-carriers in the substrate. In the
detection case, there is however no externally applied bias - this bias comes from
the THz pulse itself [34].
ABCD uses air as a non-linear medium to mix the THz electric field with an exter-
nally applied high-voltage a.c. bias. The optical probe is introduced into the mix-
ing, which is therefore a third order effect. The detection is made by observing the
second harmonic of the probe pulse with e.g. a photomultiplier tube (PMT) [49].
Since air is almost perfectly non-absorbing and non-dispersive, one can obtain
very large detection bandwidth through the entire THz and IR frequency range.
EO sampling is the main technique that we applied in our experiments. We shall
therefore look at it in some more detail below.

In Fig. 2.3, we have outlined the EO sampling technique. The THz transient co-propagates
with a probe pulse at a variable time delay Δτ. The probe pulse is commonly taken as a
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few percent of the power from the laser pulse that is directed into the generation crys-
tal. Δτ is controlled by passing the probe pulse through a variable delay stage. When
the THz transient reaches the detection crystal, it induces an electro-optic effect. This
effect causes a field-induced birefringence in the crystal at the frequencies contained in
the probe. For sufficiently low THz electric fields, this effect is linear. This means that
detection of high-field THz transients in the order of hundreds of kV/cm should be ac-
companied by some field attenuation before the detection crystal. In our case, we used
a series of float zone high resistivity silicon (HR-Si) wafers that each attenuated the field
by 30% due to Fresnel reflection loss at the air-Si interfaces [50]. Our detection crystal
was ZnTe.

Figure 2.3: Outline of electro-optic sampling. In our experiments, we used ZnTe as the detection
crystal.

The variation of Δτ eventually causes the THz and probe to arrive at the detection
crystal with a temporal overlap. This causes the linear polarization of the probe pulse to
become slightly elliptical, with the degree of ellipticity determined by the instantaneous
THz electric field that it overlaps with. In order to correctly probe the effect of both low-
and high frequency THz components, we focus the probe pulse to the THz beam center
as higher frequencies naturally focus tighter than lower frequencies. Note that we have
now cleverly encoded the THz electric field into a polarisation change of a probe pulse
that we can easily measure with semiconductor based photodetectors.

The elliptical probe pulse is collimated and guided through a λ/4 wave plate. For
large values of Δτ, the probe beam does not interact with the THz pulse and thus retains
its linear polarisation, which is turned into circular polarisation for suitable rotation
of the λ/4 wave plate. This in turn leads to a 50/50 splitting of the light intensity in
the Wollaston prism, such that the balanced photo detection has zero output as both
diodes receive the light intensity I0. For small values of Δτ, this balance is modulated
by ΔI due to the electro-optic effect. The relationship between the modulation and the
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instantaneous THz electric field ETHz is given by

ETHz = arcsin
(

ΔI
I0

)
c

ωn3r41L
, (2.1)

where ω is the center frequency of the probe pulse, n is the refractive index of the de-
tection crystal at the probe frequencies, r41 is the electro-optic coefficient and L is the
thickness of the detection crystal. In our case, we used 958 μm thick ZnTe with r41 ∼ 4
pm/V [51]. In comparison to the ABCD detection scheme, EO sampling suffers from ab-
sorbing phonon modes in the detection crystals, which limits the detection bandwidth
to ∼ 6 THz in most cases [44].

In order to obtain a large signal-to-noise ratio, we employed a mechanical chopper at
half of the laser repetition rate (500 Hz) and a lock-in amplifier. For many experiments,
we added a box-car integrator before the lock-in to further filter off background noise
from outside of the time window that contained the signal from the balanced photodi-
odes. This background noise consisted of fluctuations in light intensity in the laboratory
ceiling lighting as well as electronic noise in the photodiodes. The induced birefringence
in the detection crystal is not in itself noisy since it is based on the coherent interplay
between the THz and probe signal and thus insensitive to incoherent background light.
However, under extremely well-controlled noise conditions that far exceeds ours, EO
sampling has been reported to be able to measure vacuum fluctuations [52].
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3

Electron field emission

Electron field emission (FE) pertains to the field of quantum tunnelling. The importance
of this field for our contemporary understanding of the universe as well as the workings
of many highly technological systems cannot be understated.

Quantum tunnelling relies on the notion of particle-wave duality. Within this frame-
work, fundamental particles such as electrons, protons, photons etc. can first of all be
considered as discrete entities that can be counted using integer numbers. Secondly, our
ontological understanding of their individual nature and mechanics include an ensem-
ble of features that are not measurable by the same standards in classical mechanics.
For instance, a particle with a measurable - and therefore spatially localized - mass can
under certain conditions be regarded as a wave that is distributed in space and time.
The concept of having discrete particles that behave in classically prohibited ways has
led to what is basically the central dogma within quantum mechanics, namely that if
you think that you understand what is going on, then you understand absolutely nothing.

In this work, we shall use FE to denominate the concept of an electron translating
between two states of equal energy that are separated by a classically impenetrable en-
ergy barrier. This translation is facilitated by the wave nature of the electron, although
the electron will be regarded a classical, massive object on each side of the barrier. Un-
less stated otherwise, the electron will reside inside a metallic emitter from which it will
translate into a medium adjacent to the metal. We will refer to this translation as emis-
sion. The accessible energy state within the adjacent medium will be created using an
externally applied electric field, e.g. from a THz laser pulse. We shall solely be inter-
ested in observing and understanding the mechanics of the phenomenon, i.e. we shall
ask how does it work? but not what is it really?

In this chapter, we give a brief historical introduction to FE. We then look at the most
basic concepts and ideas associated with FE from metal emitters and we explain the
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fundamental mechanisms that govern FE. This includes the central Fowler-Nordheim
equation with the Schottky barrier correction. We compare FE to other types of electron
emission and we shall explain the common method for qualifying whether an experi-
menter is in a tunnelling of photoemission regime under certain laboratory conditions.
Lastly, we shall show how the Fowler-Nordheim equation can be linearised to assess
whether a specific set of data follows the equation.

3.1 | The discovery and applications of electron field

emission

In 1744, Johann Heinrich Winkler reported that he observed an electric discharge from
wire electrodes in vacuum [53]. Seeing as he was using a quite poor vacuum and a
high electric field, it would probably be more accurate to say that he observed field
enhanced gas discharge [54] - one analogy of the discharge process has been phrased as
a fireworks in his discharge tube [55]. Winkler did not relate this to FE since the electron
was not yet discovered, but he was in hindsight probably the first scientist to witness
the effect of FE as something clearly observable. Throughout the 18-hundreds, a few
mentions of electrical discharges from pointy tips were published, e.g. from Wilhelm
Röntgen in 1878 [56]. It was however not until J.J. Thomson discovered the electron
in 1897 that further understanding of electrons being emitted from any material made
significant progress [57]. The first basic electron emission phenomena to be explained in
a mathematical form were thermionic emission and photoelectric emission. The former
was reported by Thomson’s student Owen Willans Richardson in 1901 [58], whereas the
latter was published in 1905 by Albert Einstein [59]. They both won a Nobel Prize in
physics for their individual discoveries.

Both thermionic and photoelectric emission rely on the concept of a bound electron
that absorbs enough energy either from heat or light to escape its parent atom. In these
cases, one does not need to fully understand the microscopic picture of the energy trans-
fer itself, as long as the macroscopic energy conservation can be accounted for. For FE
however, a more detailed understanding of the electron wave nature was needed. This
understanding came about with the ability of quantum mechanics in the first half of the
19-hundreds to correctly explain a range of phenomena that occurred on atomic scales.

In 1922, Julius Edgar Lilienfeld published his work on small X-ray devices for med-
ical applications [60]. He described herein FE as a phenomenon distinct from that of
thermionic and photoelectric emission, which he called autoelectronic emission. Although
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he could not account for its exact origin, he did describe it phenomenologically as the
strength of an emission current against an applied voltage (an I/V curve).

In the following year, Walter Schottky published a theory of how an external electric
field could bend down the potential close to the surface of an emitter. He combined it
with thermionic emission as well as the image effect to argue how an emitting electron
could escape without the use of the wave nature, which was still not an established
paradigm at the time [61]. In short, the electron was still regarded a massive particle
that had to acquire enough energy to overcome the barrier of energy between its parent
atom and the surrounding environment. Although Schottky’s particular ideas were
physically sound, they did not explain FE correctly. Today, they make part of what is
termed field-assisted thermionic emission, albeit modern descriptions of course include the
electron’s wave nature.

In early 1928, it was observed that one could make a straight line with a plot of
log(I/V2) vs. 1/V. This notion was seen independently by Robert Oppenheimer and
Charles Christian Lauritsen and was published by the latter with Robert Millikan [62].
However, none of them were able to ascribe a complete theory to this observation at first.
Then, later in 1928, Ralph H. Fowler and Lothar Wolfgang Nordheim finally seemed to
get it right [63]. They theorized the FE problem as one where electrons in the conduction
band of a metal, thus obeying Fermi-Dirac statistics, would impinge on a metal-vacuum
interface onto which an electric field would be externally applied. Since they considered
the problem in 1-D, they were not concerned with the shape of an actual sharp emitter.
Instead, they regarded the electric field as constant, thus yielding a triangular potential
barrier through which impinging electrons would have a certain probability to transmit
through via their wave nature. Since they disregarded the effect of temperature and only
considered the effect of the electric field, the theory came to be known as cold field emis-
sion or simply Fowler-Nordheim emission (FN). One should note that cold field electron
emission, in contrast to thermionic and photoelectric emission, relies only on the wave
nature of the electron. It is therefore a somewhat philosophical question if the electron
acquires energy during the transition, or merely acquires it straight after the emission
by interacting with the external electric field. We shall not be concerned with this ques-
tion in the present work though.

A large part of the challenges when trying to understand FE was reliable laboratory
equipment that allowed researchers to resolve different aspects of the phenomenon in
a stable and reproducible way. The first and most central development came from Er-
win W. Müller in 1937 when he reported the invention of the field emission microscope
(FEM) [64]. The invention basically entails a sharp emitter with tip radius rtip ≤ 1μm,
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which is sitting concentrically in an spherical vacuum enclosure. The inner surface of
the enclosure is covered with a composition that lights up in response to impinging
electrons. When the emitter is biased against the inner surface, electrons are emitted
in a pattern that is projected as a light image on the inner surface. The image gives
information on a host of characteristics of the emitter material and shape. The typical
magnification factor attain values of 105 − 106, thus yielding a near-atomic resolution
for the observer. Therefore, the FEM was a significant advance in the surface sciences.

Already two years later, in 1939, the energy distribution of the field emitted elec-
trons was reported by F. R. Abbott and Joseph E. Henderson [65]. Their findings were
successfully theorized and experimentally confirmed in 1959 by Russell D. Young and
Erwin W. Müller [66]. There was an increasing focus from the 1950-ies to use field emit-
ted electrons to understand their parent emitter system, which we have incorporated in
this work. The FEM and its technical offsprings were widely employed to do surface
electron spectroscopy, since the band structure of solid materials were being developed
and tested in this way [55].

In more modern times, FE has been extensively used to create various forms of elec-
tron guns. One of the drawbacks of using the thermionic or photoelectric effect in an
electron gun is that the emission current density (the number of electrons emitted per
time unit per area) is limited by the amount of energy that can be stored locally in the
emitter before it breaks. With FE, most of the energy storage sits in vacuum right outside
the surface of the emitter and thus enables unparalleled current densities and brightness
[67]. This is used e.g. in RF electron guns for large-scale research applications such as
linear accelerators or free-electron lasers [68, 69]. In addition, since FE guns are elec-
tronically driven, they can be made controllable, reliable and ultra compact. Examples
include older cathode ray displays that are driven by a single FE gun and more modern
FE displays, which are flat screens where each pixel is controlled individually by a tiny
FE gun [70].

3.2 | Metal electron emitters

As mentioned earlier, we shall in this work be primarily involved with FE from metallic
emitters. Other materials can of course be used for FE, including semiconductors, in-
sulators, low-dimensional materials, gases and liquids, to mention some [71, 72, 1, 28,
73, 74]. However, metals constitute a well-understood and very practical workbench for
studying ultrafast FE due to their good electrical properties and well-understood solid
state behaviour.
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During the historic development of FE-based techniques, it became apparent that
emitting surfaces had to be very clean to make interpretable and stable FE [75]. By clean,
one refers to the fact that the interface between the emitter and the desired surrounding
environment should not be contaminated by some adsorbed, random molecules, nor
should the surface be oxidized. We have used these requirements to pick noble met-
als as our emitter materials of choice. Subsequently, we have experienced that Au is
far the most common noble metal used in complementary metal–oxide–semiconductor
(CMOS) processing techniques. The electrical properties of Au are excellent in the world
of metals and therefore we will proceed our theoretical considerations with Au as the
example material. Some of the physical properties of Au are listed in Table 3.1.

Source

Material Gold (Au)
Atomic number 79
Melting point 1338 K [46]
Electrical conductivity at 20◦C 4.098 × 107 S/m [76]
Atomic concentration 5.90 × 1022 cm−3 [46]
Work function 5.1 eV [77]

Table 3.1: Some core physical properties of Au.

Au is a good example of a free electron Fermi gas, as described by the Sommerfeld
model of metals [46]. Within this model, electrons occupy energy states in accordance
with the Fermi-Dirac distribution

f (E) =
1

1 + exp([E − EF]/kBT)
(3.1)

where f (E) denotes the probability of finding an electron in a state with energy E, EF

is the Fermi level, kB is the Boltzmann constant and T is the temperature of the metal.
Note that the Fermi level is also sometimes referred to as the electrochemical potential
μ, which changes with temperature. At zero temperature, it coincides with the Fermi
energy. It has been shown for metals that EF varies very little with temperature, so it is
practical to simply use the Fermi energy εF. For Au, the theoretical value for Au in bulk
is εF = 5.53 eV [46].

By definition, the energy it requires to remove an electron from the metal at the
Fermi level is called the work function and is denoted Φ. Φ is usually determined by
photo-emission spectroscopy [78]. In theory for a metal, one should have that Φ =

εF ≈ EF independently of temperature. In experiments though, it turns out that Φ is
typically less than EF, depending on how the Au sample was prepared [77]. The reason
for this is that the removal of an electron from a solid goes through the surface, so Φ
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Figure 3.1: Fermi-Dirac distribution at room temperature. The left-hand y-axis shows f (E) on a
linear scale, while the right-hand axis shows it on a logarithmic scale spanning from 1 to 10−23.
The latter is roughly the probability of finding 1 conduction band electron per cubic centimeter
at the energy E. The inset shows the distribution on the linear scale, but enlarged around the
Fermi level to better resolve the features. The vertical red line marks the vacuum potential with
an energy equal to EF + Φ.

is in reality a surface parameter whereas EF is a bulk parameter. Realistic surfaces are
almost always subject to roughness and various kinds of contamination which change
Φ significantly. The most common experimental value used for Φ is 5.1 eV, as stated in
Table. 3.1. However, values of Φ for specific Au systems have been reported all the way
down to 0.25 eV [28]. In this work, we shall use Φ = 5.1 eV unless otherwise stated.

In Fig. 3.1, the Fermi-Dirac distribution f (E) is shown at room temperature with
the zero energy placed at EF. The left-hand side shows f (E) on a linear scale, whereas
the right-hand side shows it on a logarithmic scale between 10−23 and 1. The former is
approximately equal to having 1 conduction band electron per cubic centimeter at the
energy E ≈ 1.4 eV. It should be clear from comparing the linear and logarithmic scales
that there are indeed electrons occupying energy levels much above 25 meV at room
temperature, but the occupation probability is extremely low. Hence, it is common to
refer to electron emission from EF as the highest occupied state when no deliberate
heating of the metal emitter is performed (remember that this is not necessarily a good
approximation for e.g. semiconductor emitters, which we shall not be concerned with
in this work). Φ is indicated between EF and the vacuum potential. It is additionally
illustrated how EF corresponds to a 50% occupation probability. The inset shows f (E)
enlarged around EF to better resolve the step-like distribution at room temperature.
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3.3 | Theory of field electron emission

We are now ready to look at the quantitative theory of FE, as it was proposed by Fowler
and Nordheim [63]. As an illustrative example system, we shall consider that depicted
in Fig. 3.2. This system entails only the tip section of a larger emitter whose full size
and shape we shall not be concerned with yet. The extension beyond the tip section is
indicated by dashed lines. The tip is modelled as an ideal taper with a sharp end. In
practical experiments, the taper end is less sharp and usually ends with a curvature of
a radius that is limited by the resolution of the employed fabrication technique. The
shown coordinate system with the emitter tip pointing in the y-direction and the thick-
ness of the emitter pointing in the z-direction shall be employed throughout all of this
work. In the emitter side view, electrons (green circles) have been added to illustrate the
Fermi-Dirac energy distribution.

Figure 3.2: Sketch of the tip of a metal emitter similar to those that will be used in this work.
Dashed lines indicate that the full emitter extends much beyond what is drawn. The tapered
tip is ideal and a real tip will never be as sharp as illustrated in the model - this is illustrated
in the close-up (top view). Electrons (green circles) representative of the Fermi-Dirac energy
distribution are shown in the side view.

Based on the side view in Fig. 3.2, one can draw a 1-dimensional line normal to the
emission surface, leading away from the emitter. This line is represented as the positive
x-axis in Fig. 3.3. The negative x-axis represents f (E), and the y-axis represents the
electric potential that an electron resides in. In other words, it represents the electron
potential energy U · qe where qe is the negative elementary charge. A green circle repre-
sents electrons at the Fermi level. These electrons are trapped within the emitter when
no externally applied electric field Eext is present, since it would require more energy for
them to exist in vacuum than they possess.

When Eext is applied, the situation changes. The additional electric potential that
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is supplied by Eext is given as U(y) =
∫

Eext · dy. The 1D treatment of the problem
means that the emission surface extends to infinity in the x − z-plane. The electric field
is consequently constant, as this is the result that one would obtain for the electric field
in any distance away from a charge-carrying infinite plane that is an equipotential.

With a constant field, we obtain the total potential as

U(y) = Φ +
∫

Eext · dy = Φ + Eext

∫
dy = Φ + Eext · y. (3.2)

We observe that for a positive sign of Eext, the vacuum potential increases proportional
to the distance from the emitter tip. For a negative sign, the potential decreases. The
latter situation is shown in the right-hand side of Fig. 3.3. This means that FE can only
take place for this particular polarity of the electric field, which - in the shown coordinate
system - is negative. This feature will be used in one of the central findings in Chapter
7.

By moving away from the emitter tip when Eext is applied with a negative polarity,
the electric potential decreases. At some distance away from the surface, the vacuum
potential equals that of the Fermi level inside the metal. This means that it requires an
equal amount of energy from the electron to exist in this location as compared to its
location inside the metal. If the distance is short and Eext is applied for a long enough
time, there is a measurable probability that one or more electrons from the Fermi level
will transition between these two energy levels. The transition is called quantum tun-
nelling (or simply tunnelling), since the electron should be thought of as moving through
the forbidden area that it classically does not have enough energy to be located in. The
term measurable probability hence refers to the fact that one can experimentally measure
the emission of at least 1 electron during the time period that Eext is applied.

Figure 3.3: Sketch of the emission surface in 1-D. The green circle represents an electron at the
Fermi level. The FD distribution is indicated in blue.
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The core problem is now: For a given Eext on a given emitter, how many electrons tunnel
out? We shall quantify the efficiency of the emitter with β, which will be explained in a
bit. Put more rigorously, how does the tunnel current density J depend on Eext and β?

J(Eext, β) depends on the probability of finding an electron at the surface with the
energy Ey moving in the direction normal to the surface and the probability that this
particular electron will tunnel out. The former is the supply function N(Ey) and the latter
is the tunnelling probability D(Ey). Even though we in practise mainly consider emission
from the Fermi level electrons, a theoretical framework should include electrons at all
energy levels. This amounts to the tunnel current density:

J(Eext, β) =
∫ ∞

0
N(Ey)D(Ey)dEy (3.3)

For a comprehensive derivation, we shall refer to [79]. In this text, we shall merely state
that the supply function is given as

N(Ey) =
qemekBT

2π2h̄3 ln
[

1 + exp
(
−Ey − EF

kBT

])
(3.4)

where the penetration of the E-field into the emitter has been neglected. In other words,
the skin depth is approximated to zero. The tunnelling probability is given by

D(Ey) = DF exp
(

Ey − EF

dF

)
(3.5)

Thus, the final FN equation ends up as

J(Eext, β) = aFN
(βEext)2

Φ
exp

(
−bFNΦ3/2

βEext

)
(3.6)

where

aFN =
q3

e
16π2h̄

≈ 1.5414 · 10−6 A · eV
V2 (3.7)

bFN =
4
3

√
2me

qeh̄
≈ 6.83089 · 109 V

eV3/2 · m
(3.8)

We observe that the two FN constants aFN and bFN cannot be manipulated. This leaves
the three quantities β, Eext and Φ as the only tools for an experimenter to change in
order to modify the tunnel current. In Chapters 5-8 of this work, we shall use all three
quantities for experiments.

To give an intuitive sense of the electric field strength required for FE, Eq. (3.6) has
been plotted in Fig. 3.4(a). Two example graphs are shown, where one is for Au (blue)
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Figure 3.4: Threshold electric field required for ultrafast FE. a) Emission current density as a
function of the electric field at the emitter tip for Φ = [1, 5.1] eV. Dashed lines are used to get
a sense of the local slope. The y-axes both show the current density, but in different units. b)
Electron tunnel distance as a function of the tip field. The dashed lines in the inset show the
required field for a tunnel distance of 5 nm.

using the work function for Au and the other is for Φ = 1 eV (red), which is in the
order of some of the lowest reported work functions using alkali metal coatings on top
of the emitter [80]. The tunnel current is shown on the left-hand y-axis on Fig. 3.4(a)
in A/cm2, which has been scaled on the right-hand y-axis to electrons/ps/μm2. The
threshold electric field, defined as the approximate required field to emit 1 electron from
the emitter tip within the time period of the applied electric field, resides around 1 −
2 · 109 V/m for Au and ∼ 2 · 108 V/m for Φ = 1 eV. This is illustrated in the inset
of Fig. 3.4(b). The tunnel barrier widths that correspond to some of the applied field
strengths indicated on the bottom x-axis are depicted in the main part of Fig. 3.4(b).
These are calculated simply as Φ/(βEext). An equivalent way of thinking about the
emission threshold is therefore a tunnel barrier width in the order of 4 − 5 nm.

The extreme non-linearity for FE around its emission threshold is illustrated by a
power fit Fig. 3.4(a), which is proportional to the field at the emitter-vacuum interface
to the power of 65. This non-linearity is reflected in the fact that an increase of 3 orders in
magnitude of the electric field leads to an increase in tunnel current of almost 50 orders
of magnitude. In this work, we shall see examples of how this non-linearity can both be
used as a useful feature and be experienced as an unwanted limitation.

When the electric field strength reaches approximately 1011 V/m, the exponential
factor in Eq. (3.6) approaches 1 and the emission current follows a quadratic function.
This is called the supply limited regime, since the limiting factor in this case is usually the
supply of electrons to the emitter surface [70]. In case the emitter is very sharp, e.g. a few
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nm, the emission saturation can have an earlier onset due to space charge limitations.

3.4 | The actual tunnel barrier shape

There exists a large quantity of scientific work that deals with the fact that a trian-
gular tunnel barrier is not always a suitable approximation to real emitter systems
[81, 82, 83, 84]. Those sources that deal with the problem numerically are very de-
voted to specific structures that are not easily related to the emitters in this work. Those
sources that treat the problem analytically assume one or more geometric symmetries
that - due to our choices of emitter shapes and imperfect fabrication techniques - are
somewhat questionable to use too. Therefore, we have found it most suitable to con-
duct our own numerical simulations on the electric field at our emitter structures and
subsequently use the result to explain our experimental results. Here, we will briefly
introduce a well-known correction to the tunnelling barrier shape.

Figure 3.5: a) Schematic of the image potential method. b) Comparison of FN and Schottky
barrier types.

The most well-known tunnel barrier correction is the Schottky barrier correction. Its origin
is depicted in Fig. 3.5(a). When an electron leaves an equipotential surface, like a noble
metal, it leaves behind a change in surface charge density. This change can be modelled
by the image method, whereby the surface is replaced by a charge of equal magnitude
but opposite sign. This new charge is placed at a distance equal to that of the leaving
electron, but at the opposite side of the surface. These two charges set up an electric
field between them, which in turn generates an attractive force on the electron to return

29



Chapter 3. Electron field emission 3.5. Comparison to other electron emissionmethods

to the surface. The force and the corresponding potential energy is given by

F = − 1
16πε0

q2
e

y2 → U = F · y = − 1
16πε0

q2
e

y
(3.9)

Note that the image charge actually lowers the potential energy of the electron. This
is shown in Fig. 3.5(b), where the FN barrier is given by U = Φ − qe(βEext)y and the
Schottky barrier is given by U = Φ − qe(βEext)y − 1

16πε0

q2
e

y . The latter has been given
two indications, 1 and 2. The first indication shows that the correction leads to some
electrons existing outside the emission surface close to y = 0. The second indication
shows that the two barriers closely coincide at the tunnel barrier width. Therefore, for
simplicity, it is common to adapt the triangular FN barrier when dealing with FE. In this
work, we shall exclusively use the FN barrier.

3.5 | Comparison to other electron emissionmethods

It is important to have an eye for alternative, competing electron emission methods
when experimentally trying to isolate FE. These alternatives entail four main methods,
which are illustrated together with FE (2) on Fig. 3.6:

� Photoelectric emission (1)

� Thermionic emission (3)

� Field-assisted thermionic emission (4)

� Field-assisted photoemission (5)

Photoelectric emission (1) is the result of the photoelectric effect. Here, the energy of an
incident photon is absorbed into an electron, which is then promoted to a higher energy
level. With no heating of the emitter, the first electrons to be emitted with increasing
photon energy come from the Fermi level. Au is a particularly bad photoelectric emitter
due to its high work function, which corresponds to a free-space photon wavelength
of λ = hc/Φ = 243 nm. The effect can be initiated by a multi-photon process with
sufficiently high intensity, but the probability of observing such higher order process
decreases rapidly with increasing order as N ∝ In. Here, N is the density of emitted
electrons and n is the number of photons involved in the emission process. The photo-
electric effect is not of concern when using e.g. a tightly focused THz laser for electron
emission seeing as the energy of a photon at 1 THz is 1200 times less than a photon at
243 nm. However, with the use of photons near the UV frequency range, two-photon
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emission can be a very efficient way to create femtosecond electron bunches from metal
surfaces, which are used for e.g. ultrafast electron diffraction experiments [85].

Figure 3.6: Outline of different electron emission methods, including photoelectric emission
(1), field emission (2), thermionic emission (3), field-assisted thermionic emission (4) and field-
assisted photoemission (5). The applied electric field on the emitter is set to βEext = 2 · 109 V/m.
The three temperatures chosen include room temperature (298 K), an intermediate temperature
(800 K) and nearly the highest temperature that can be applied to Au before it melts (1300 K).

Thermionic emission (3) happens when the heating of the emitter causes the Fermi-
Dirac distribution to widen enough that some electrons acquire enough energy to sur-
pass the work function. Thermionic emission is described the Richardson law,

JR = ART2 · exp
( −φ

kBT

)
, AR = 4πqeme

k2
B

h3 = 1.2 · 106 A
m2K2 (3.10)

where AR is called the Richardson constant. We note how the analytical form looks like
that of field emission, with T taking the role of βEext and constants being different.

Good thermionic emitters typically have a low work function and high melting
point. This makes Au a bad thermal emitter, having both a high work function and a
low melting point. As shown in Fig. 3.6, it is only the very end of the Fermi-Dirac distri-
bution that extends above the work function at 1300 K, which is very close to the melting
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point for Au. It is similarly illustrated that thermionic emission would have been pos-
sible already at 800 K, had Au had a work function between 2 and 3 eV. Materials with
such low work function are unfortunately also very reactive with their surroundings,
so emitter materials are instead chosen for their high melting points - a common exam-
ple is Tungsten, which melts at 3140 K [86]. At such elevated temperatures, thermionic
emission allows for very high currents. This is for instance used in high-power gy-
rotron devices for generation of submillimeter waves [87] used in fusion research [88]
and dynamic nuclear polarization (DNP) to enhance the sensitivity in nuclear magnetic
resonance (NMR) instruments [89].

Field-assisted thermionic emission (4) utilizes the Schottky image effect. When an
external electric field is applied, electrons can escape at lower temperatures due to the
additional potential image bending effect. This could as such enable thermionic emis-
sion from Au already at 800 K in the particular example shown in Fig. 3.6, where the
external field strength is βEext = 2 · 109 V/m. However, field-assisted thermionic emis-
sion is more often used to increase the tunnel current at more elevated temperatures
than it is to enable thermionic emission at lower temperatures.

Field-assisted photoemission (5) is similar to field-assisted thermionic emission. By
illumination the emitter with low-energy photons along with the application of an ex-
ternal electric field, electrons emit at energies below the emitter work function. We have
presumably observed this effect in one of our experiments in Chapter 8.

3.6 | The Keldysh parameter

FE relies on quantum tunnelling, which is a much faster process than the temporal du-
ration of a fs laser pulse half-cycle. One contemporary experimental report e.g. suggests
an upper tunnelling time limit in the order of hundreds of attoseconds [90]. From a the-
oretical standpoint in a pure quantum mechanical description, the tunnel time is zero
because the group delay is zero. In other words, the wave function inside the tunnel
barrier, given by ψ(x) = ψ(0)e−iκx, is purely evanescent as the propagation only has an
imaginary part. Therefore, the group delay time τg = δφ/δω is always zero. This means
that the phase φ of the wave function ψ(x) is unaltered during the tunnelling and the
entire process is bound to be instantaneous [91]. In practical terms, this means that by
using a laser pulse to establish the tunnel electric field, one should not be concerned
with whether the electron has enough time to undergo tunnelling even if the laser pulse
is very short.

One concern does however come to light: The narrower the temporal width of the
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Figure 3.7: Keldysh parameter in the interval 1 to 100 THz for the electric field strengths 108-1011

V/m. A Keldysh parameter << 1 indicates regimes where FE is the primary electron emission
process.

laser pulse, the more intense it needs to be to enable the tunnelling of an electron since
the potential bend is only present for a very short time. With increasing laser intensity
follows an increase in probability for the same electron to undergo photoemission by
multiphoton absorption instead of FE. The probability ratio between these two events
to occur has been somewhat loosely quantified and is termed the Keldysh parameter [92].
By "loosely quantified" we mean that the Keldysh parameter is not defined as the exact
probability ratio, but it is commonly interpreted as such for a qualitative assessment of
whether an experimenter is in one or the other regime under particular conditions.

Leonid V. Keldysh himself makes the semi-classical analogy for FE that the potential
bend should be present for a time period corresponding to the time it would take an
electron at the Fermi level (with corresponding velocity vF) to move through the barrier
as a classical particle. The electron velocity at the Fermi level in Au is given by vF =√

2Φ/me = 1.33 nm/fs. Assuming a FN barrier type, the width as a function of time
is given by w(t) = Φ/qe · βEext(t). For a sinusoidal laser field, it is feasible to estimate
the average time of the potential bend by the root-mean-square (RMS) value of the field.
This is given by Eext,RMS = Eext(tmax)/

√
2, where tmax is the point in time when the

electric field assumes its maximum magnitude. Since β is a geometrical characteristic, it
is assumed time-independent.

From the above, the "tunnel time" in this semi-classical analogy can be calculated.
Seeing as it is only one specific field polarity that allows for tunnelling while the other
inhibits it, the emission process is only possible during half of a total field oscillation.
Therefore, upon multiplying twice the laser frequency on to this tunnel time, one obtains
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the Keldysh parameter γ:

γ = 2 · f · ttunnel = f · wRMS

vF
= f ·

√
2meΦ

qe(βEext,RMS)
(3.11)

γ is plotted in Fig. 3.7 for relevant laser frequencies and field strengths. A heuristic
rule is that FE is dominant when γ << 1, whereas multiphoton emission is dominant
when γ >> 1. We know from Fig. 3.4 that the practical emission threshold resides
between 1 − 2 · 109 V/m when using tunnelling times in the ps time range, which cor-
respond in order of magnitude to THz frequencies. For such field strengths, Fig. 3.7
clearly shows that FE will be dominant over multiphoton emission. However, moving
significantly through the infrared (IR) spectrum requires at least a five-fold increase in
field magnitude to stay well within the FE regime.

As noted previously, having multiphoton emission over FE should never be a prac-
tical concern when using a focused THz laser beam. Note that Fig. 3.7 does indeed sug-
gest that for field strengths well below 108 V/m at 1 THz, the probability of multiphoton
emission surpasses that of FE. However, for such low field strengths and corresponding
laser intensity, none of the emission processes will in practise take place at a measurable
rate.

3.7 | Fowler-Nordheim plot

As a last section, we shall briefly illustrate the historical finding that ln(I/V2) versus
1/V generates a straight line. The linearity can easily be derived from Eq. (3.6), where
we shall simplify the notation as I → J(Eext, β) → J and V → βEext → E:

J = aFN
E2

Φ
exp

(
−bFNΦ3/2

E

)

�
J

E2
Φ

aFN
= exp

(
−bFNΦ3/2

E

)

�

ln
(

J
E2

Φ
aFN

)
= −bFNΦ3/2

E

�[
ln

(
J

E2

)
+ ln

(
Φ

aFN

)]
1

−bFNΦ3/2 =
1
E
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�

− 1
bFNΦ3/2 ln

(
J

E2

)
+ B =

1
E

, B = − 1
bFNΦ3/2 ln

(
Φ

aFN

)
(3.12)

Eq. (3.12) shows that the emission current as a function of electric field at the emitter tip
can be transformed into the form a · x + b = y, where x = 1/E and y = ln(J/E2). Thus,
any measured data that does not follow a straight line after such transformation does
not follow the FN emission equation. We shall use this extensively to assess whether
we observe pure FN emission in various experiments throughout Chapters 6-8. The
graphical representation of data after such transformation is called a FN plot.

Given that a set of measured data forms a straight line on a FN plot, the work func-
tion can be extracted from the slope as

|slope| = 1
bFNΦ3/2 → Φ =

(
1

|slope| · bFN

)2/3

(3.13)

In experiments, the determination of Φ comes with a large associated uncertainty. In
Eq. (3.12), the tip electric field E = βEext is represented on both sides of the equation.
This means that the absolute scaling of E influences Φ. In sequel, Φ is dependent on
how well we can measure Eext in the laboratory as well as how well we can determine β

through simulations. Both of these quantities can only be determined with at least ΔE ∼
10 − 20% error margin, which should be kept in mind when evaluating the absolute
numbers coming out of our experiments.
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4

Field emission frommetasurfaces

We will conclude this part of the dissertation by taking a look into the main system
that has been used for this work: The metasurface. The definition of a metasurface is
somewhat dependent on which source one addresses, but it typically infers that the fun-
damental building elements of the surface are a fraction 1/10 to 1/20 of the wavelength
of the light that illuminates it. In this work, we shall be a bit more loose on the element
size requirements:

Metasurface: An array in 1- or 2-D of periodically structured elements that reside in the
same plane. The geometrical size of each individual element must be smaller than the
free-space wavelength of the light source that illuminates it.

We are well aware that our definition could enrage a significant subset of meta-scientists
and we shall therefore gracefully accept references to our surface systems as 2-D antenna
arrays.

In this chapter, we demonstrate a link between theory and our own experimental work
via simulations. We do this by introducing two metasurfaces that will be the platforms
for all of our experiments. The general use of metasurfaces for ultrafast electron FE is
initially argued with a pros and cons list. Then, the metasurface designs are laid out in
detail along with numerical simulations that are used to characterize them. Different
challenges related to numerical simulations of these types of systems are highlighted
- especially from a meshing point of view. We compare time domain and frequency
domain simulations and look into the spatial distribution of the electric field around the
antennas. We shall illustrate the difference between a narrow- and broadband antenna
using transient electrical currents. In the end, we will go through the general procedure
used for metasurface fabrication in the cleanroom.
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4.1 | Themetasurface in short

Let us initially get acquainted with a simple metasurface, which we shall use for our
experiments in Section 5.3. This metasurface is shown in Fig. 4.1. When seen in top
view, the metasurface consists of a quadratic 2-D array of dipole elements which are
connected by horizontal lines. Each element shall henceforth be referred to as an an-
tenna. The dipole antennas are each residing in a unit cell of 190 × 190 μm. The length
of a dipole antenna is 109 μm and the width is 3 μm. The length gives a main antenna
resonance of 0.5 THz, and the width is determined by the resolution limit of the equip-
ment used for sample fabrication. The length of the dipole antenna is supposed to be
aligned with the electric field of a linearly polarized laser pulse. Due to this alignment,
the incident laser field will not establish a potential difference in the horizontal direction.
This means that the lines connecting the dipole antennas will not carry any significant
electrical current (ideally, none at all) due to the incident laser field itself. On the other
hand, the laser field will start to drive an a.c. signal in the vertical direction, i.e. in the
individual dipole antennas.

Figure 4.1: Sketch of a dipole-based metasurface, which is used in Section 5.3. Antennas that are
aligned in the horizontal direction are joined with a common line, which re-supplies antennas
with electrons that are field emitted from their tips. The incident laser electric field is linearly
polarized along the antenna main direction. Antennas are optimized for a resonant response at
0.5 THz. Their nominal width is 3 μm, as this is the resolution limit of the equipment used for
fabrication.

When a current is established in a dipole antenna, it will drive electrons in the an-
tenna metal toward the dipole tip. Depending on the sign of the electric field, any par-
ticular dipole tip will either be partly depleted or filled with electrons above its normal
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charge carrier density. The current is established by the electric field, which will enable
some of the electrons at the tip to undergo FE. The field emitted electrons are re-supplied
to the system via the connecting lines, which are all grounded using large connection
pads on the sides of the metasurface (not shown here).

The in-coupling of the laser pulse should ideally be from the back side of the sub-
strate that the antennas reside on. One obvious advantage of this approach is that it
experimentally is much easier to collect the emitted electrons if the electron detector sits
opposite of the laser light source. However, it has also been shown that the field en-
hancement at the antenna tips is largest when using back-side in-coupling even though
there is Fresnel loss at the back-side interface [50]. This result requires that the abso-
lute amount of absorption in the substrate material is low. This has been shown in [93],
where the power absorption is measured as α < 0.02 1/cm in the spectral range [1; 1.5]
THz.

Unless stated otherwise, the metasurfaces in this work are based on a float zone
high-resistivity Silicon (HR-Si) substrate with a very low loss in the THz frequency
range. The substrate thickness is 525 μm. On the substrate front side, antennas are pat-
terned consisting of 10 nm Ti and 190 nm Au. The former functions as a lattice matching
agent for increased adherence between Au and Si.

The metasurface will be examined in much more detail later. First, we shall generally
assess the functionality of metasurfaces for FE.

4.2 | Why usemetasurfaces?

Before we get occupied with the design and workings of a metasurface, we shall make
a general assessment on the pros and cons of using such metasurface system for FE. In
Table. 4.1, we have listed what we believe are the most central points in relation to this
assessment.

The main con of using metasurfaces is the fact that the main electron emission will
take place in the plane of the metasurface, because it needs to be illuminated with the
free-space electric field oriented along the surface elements. Some adaption to this fact
can be done by placing an electron detector at some angle to the surface, as opposed
to straight above the surface. One can also irradiate the metasurface at an angle, but
this approach has an associated loss in electric field that can be coupled into the anten-
nas. None of these problems arise if using e.g. a vertically grown nanowire for FE, as
electrons are naturally emitted out of plane and therefore easy to collect entirely.

On the other hand, FE is such a highly non-linear effect that it can be justified to call

39



Chapter 4. Field emission frommetasurfaces 4.2. Why usemetasurfaces?

Pros of using metasurfaces for FE

1 Highest possible in-coupling efficiency from free-space compared to
other FE systems

2 Ability to interact with an entire 2-D array of elements at the same time
as no element blocks another. This increases the signal-to-noise ratio.

3 Possibility to embed sub-wavelength resonant structures that would
otherwise be challenging to use in practise

4 Sample fabrication can be done using standard CMOS technology

5 High degree of freedom to modify and make precise replicas of each
sample

6 Metasurface elements can be inspired by antenna designs for mi-
crowaves and then readily be scaled in geometrical size for other fre-
quency ranges

Cons of using metasurfaces for FE

1 Difficult to collect the field emitted electrons in experiments

2 The main FE is in-plane and might therefore collide with the under-
lying substrate or nearby metasurface elements in an uncontrolled
manner

3 Difficult to make emitter tip dimensions smaller than 10 nm in radius

4 Difficult to generally control the field emitted electrons by means of e.g.
electron optics

5 Substrate breakdown effects have to be accounted for

6 Substrate materials generally require low refractive index to avoid se-
vere in-coupling loss

Table 4.1: A list of pros and cons regarding the use of metasurfaces as a system for FE. It mainly
shows that metasurfaces are ideal to obtain strong light-matter interaction, but the associated FE
can be cumbersome to record and utilize in practise.

it a threshold effect. In order to surpass this threshold, it is important to couple as much
energy from the driving laser into the emitter structure as possible. The metasurface
is one world in this respect because it can cover an area as large as the incident laser
spot as well as incorporate resonant structures with an exceptionally strong light-matter
interaction. Such interaction opens possibilities to engineer antennas that also strongly
concentrate the light electric field during the course of the interaction, thus leading to
a very efficient FE system. In contrast, nanowires or single metallic tips do not have
the same ability to capture the field far away from their apex as they are non-resonant,
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and their ability to create field enhancement therefore mainly relies on the sharpness of
their tips. The concept of field enhancement by sharpening is called the lightning rod
effect [94, 95, 35, 7]. We shall see several examples of this effect in our experiments in
Chapters 5-8.

4.3 | Design and simulation of ourmetasurfaces

In this work, we shall use two different antenna designs for our metasurfaces: The
dipole antenna and the double split-ring-resonator (dSRR) antenna. The former has
already been introduced previously in Fig. 4.1. The initial design of the dSRR was
demonstrated by our group prior to this work [96], but has subsequently been improved
and better understood during the period of this work. Therefore, the current design and
understanding will be presented here.

Both the dipole and the dSRR antenna have been investigated using the commer-
cial software Computer Simulation Tool (CST). Their respective computer-aided design
(CAD) models with associated length scales are presented in Fig. 4.2. We additionally
used a dSRR structure with connecting lines equivalent to those used for the dipole an-
tenna. The structure will be introduced in Chapter 6. The dipole antenna has an open
tip structure, which means that the closest metal point to its tip is the tip of neighbor-
ing antennas as well as the connecting line. Hence, the connecting line influences the
electric field at the dipole tip and is taken into account in the simulation. The case is the
opposite with the dSRR, which consists of an I-shaped and a T-shaped emitter tip that
are both confined inside the dSRR structure itself. The influence of a connecting line
on the electric field close to the emission tips is therefore much less than for the dipole
antenna.

All simulations were carried out using two work packages in CST: The Microwave
Studio (MWS) and the Particle Studio (PS). The geometry of the structures were first op-
timized in MWS. The optimized structures were subsequently simulated in PS, where
field emitted electrons were introduced into the simulation domain and tracked via
the Lorentz force working on them. In MWS, we primarily used a mixture of finite-
difference frequency- and time domain simulations (FDFD and FDTD, respectively). In
PS, we used a Particle-In-Cell (PIC) solver in the time domain. For all simulations, we
used periodic boundary conditions in the x- and y-directions and perfectly matched lay-
ers (PML) absorbing boundary conditions optimized for 0.75 THz in the z-direction. We
simulated for frequencies between 0 and 1.5 THz, as this is the main frequency content
of a generic THz pulse generated in LiNbO3 by optical rectification. The specific time
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Figure 4.2: Outline of metasurface elements for simulations, shown in their full respective unit
cells.

domain pulse can be found in Fig. 4.3(i). We did not introduce any symmetry planes.
The Au in the simulation domain was simulated with finite conductivity that was in-
dependent of local field strength (linear response). We illuminated a unit cell with a
normal incident plane wave.

The dipole antenna can in principle be placed in a super-lattice due to its open tip
design. In such super-lattice, the x-y-spacing between antennas is optimized to suppress
in-plane radiation modes and thereby increase the field enhancement on the tips [97].
For the same reason, however, it can be cumbersome to couple light into the super-
lattice without the use of e.g. gratings. For that reason, the super-lattice design has not
been implemented in this work.

The lattice-matching Ti layer was not implemented in the simulations for simplicity,

42



Chapter 4. Field emission frommetasurfaces 4.3. Design and simulation of our metasurfaces

Figure 4.3: Overview of the tetrahedral mesh for electric dipole and dSRR time domain simula-
tions. The most dense mesh in a and e is annotated. i) The generic THz pulse in time domain
and frequency domain used for all time domain simulations.

so antennas were considered solely as 200 nm Au. In some cases throughout this work,
the HR-Si substrate was thermally treated to grow a 1 μm thick SiO2 layer on the top, on
which the antennas would then be placed. In other cases, this was not done. The SiO2
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layer was originally introduced to suppress dielectric breakdown of the substrate close
to and directly under the antennas. However, it turned out over time that it did not
make any significant difference when comparing experimental results, so it was phased
out as pure HR-Si is easier to work with during fabrication. The SiO2 layer was very
thin compared to the extentf of the electric field around the antenna (see Fig. 4.7 and
4.6 for field distribution), so it did not significantly change the simulation results from
those of pure HR-Si. We shall therefore consistently only use pure HR-Si substrate in
these simulations.

Simulations of the antennas inherently carried one central challenge: The entirety of
an antenna was used to concentrate the incident field to an extremely small volume. In
order to resolve field variations in the volumes of highest concentration, we needed a
very high mesh density. On the other hand, such mesh density resulted in a total mesh
size for the entire simulation volume that was practically impossible to handle with the
computation power at hand. The latter entailed 6 Intel Xeon CPUs at 3.6 GHz clock fre-
quency (hyperthreaded to 12 cores), 128 GB RAM and a 1TB SSD drive; all simulations
were run without significant GPU acceleration. In light hereof, it was essential to allow
for a rapid mesh cell expansion from high-gradient volumes around the electron emis-
sion points to the larger antenna features with such rapid field changes. Such expansion
is generally suitable for hexagonal meshes used in frequency domain simulations, since
the hexagonal nature allows for many degrees of freedom in the expansion. In time do-
main simulations however, the mesh is tetrahedral in nature, which severely limits the
degrees of freedom. One therefore has to allow the mesh to expand to very asymmetric
configurations, which can introduce simulation artefacts if the field varies too much.

In intense collaboration with the CST company, we instrumented a solution that
would allow us to define a high mesh grid density close to the points with high field
gradients and then expand this density for new cells as some fraction of the size of
neighbouring cells. The result for both the dSRR and electric dipole antenna can be
found in Fig. 4.3. In both simulations, the tips of the antennas have a tetrahedral mesh of
40× 40× 40 nm. When moving away from these tip point, mesh cells expand with up to
20% compared to their nearest neighbours. This results in a pronounced cell asymmetry
in volumes with less field variation. The largest mesh cell has at least one side that is as
much as 3.79 μm long, which is close to 100 times the smallest mesh cell.

Our time domain simulations were run for a fixed time, which was based on the
time that it took for the electric field in the high gradient volumes to approach zero to
such extend that the fast Fourier transform (FFT) of the time trace would match that of
a broadband frequency sweep using a frequency domain solver. The dSRR had 4 high
gradient volumes, which are indicated in 4.7(b). The equivalent volumes for the electric
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Figure 4.4: Field enhancement in time for the electric dipole and dSRR antenna. a) Comparison
of the field enhancement factor β at the tip of an electric dipole antenna for a single-frequency
FDFD simulation at 0.5 THz and a broadband FDTD simulation. b) FDTD simulation result for
the THz transient shown in the lower right corner. The 4 graphs correspond to the 4 hot spots
on the dSRR antenna. c) The same simulation as b, but with a THz transient of opposite polarity,
as shown in the lower right corner.

dipole reside at its ends of which one is marked in Fig. 4.6(b). Due to symmetry, the
other end had an identical response. For all high gradient volumes, the electric field
was probed in vacuum 5 nm away from the Au surface at half of the antenna height.
The field in these spots closely represented the general fields along the antenna surface
in that volume. Their time traces can be found in Fig. 4.4.

In Fig. 4.4(a), the time trace of the electric dipole response is shown for both a fre-
quency domain simulation run only at 0.5 THz and a time domain simulation for the
entire THz pulse. The narrow-band frequency response of the antenna can be seen by
observing that the peak electric field at tmax has close to the same amplitude and identi-
cal phase when using both 0.5 THz and a broadband illumination. Hence, the majority
of the spectral power in the broadband pulse does not significantly contribute to the
strongest field enhancement. The slight difference in peak amplitude at tmax is most
likely due to the fact that the two simulations were run on different mesh grid types,
where the frequency domain mesh was optimized for the particular frequency involved
and hence results in a slightly higher field enhancement. As time progresses, different
frequencies start to beat both in the antenna, but additionally with the antenna lattice.
This leads to a rise in enhancement signal between 20 and 30 ps which is not caught in
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Figure 4.5: Comparison of enhancement bandwidth for the electric dipole and dSRR antenna.
All spectra are the result of a FFT transformation of the FDTD results shown in Fig. 4.4. The
bandwidth of the incident THz transient is shown for comparison.

the single frequency simulation.

In Fig. 4.4(b) and 4.4(c), the time domain response of the dSRR is shown at 4 differ-
ent hot spots and for two opposite polarities of the incident THz pulse. In Fig. 4.7(b),
the 4 hot spots are indicated: Number 1 refers to the field at the I-tip, whereas numbers
2, 3 and 4 refer to the field at different parts of the T-tip. Due to the negative electron
charge, FE can only take place when the electric field points towards the emission sur-
face. Therefore, the electric fields shown in Fig. 4.4(b) and 4.4(c) are configured such
that a positive field represents possible FE from the hot spot, where as a negative field
- however strong it might be - cannot lead to FE. For both THz polarities, we notice
that the strongest electric field at tmax sits on the I-tip. In Fig. 4.4(b) however, the peak
field enhancement at tmax is 132, whereas in Fig. 4.4(c) it is only 118 and in Fig. 4.4(a)
it is only 111. Note that β = 132 is the result of a specific antenna-THz polarity case,
whereas β = 118 is for the opposite case. In both of the dSRR cases, we note that the
field enhancement at hot spots 3 and 4 are almost identical. In contrast to the electric
dipole antenna, the dSRR response quickly dies out after illumination. We shall look
more into this fact in Fig. 4.8.

The Fourier transformation of the time traces can be found in Fig. 4.5. Here, we
clearly observe the narrow-band electric dipole resonance response at 0.5 THz. For this
particular frequency, the field enhancement is slightly larger than for the dSRR at hot
spot 1. In contrast, the dSRR shows a much broader frequency response. Due to the lack
of overall antenna symmetry, the dSRR does not exhibit the same field enhancement in
all hot spots. The design was based on having as high a field enhancement as possible
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Figure 4.6: Electric field distribution around the electric dipole antenna at tmax. a) shows a top
view projection on to a plane that cuts the antenna at half of its height. b) shows a close-up at
the antenna tip, where its only hot spot is indicated with the number 1. c) Side view through the
gap center, showing the vertical extension of the antenna nearfield. All three images share the
color bar in the top left corner of a.

in hot spot 1, with the other hot spots simply introduced for the sake of having some
asymmetry. One notices that the dSRR is designed for a THz pulse with slightly higher
frequencies than the generic pulse used for our time domain simulations. Therefore, the
field enhancement in the time domain might be higher in some experiments compared
to these simulations, in case there is a better frequency band overlap between the an-
tenna response and the pulse. All frequency responses are recorded from the situation
in Fig. 4.4(b). The result is the same if using Fig. 4.4(c), since its time traces are identical
to 4.4(b), but with opposite sign.

In Fig. 4.6 and 4.7, the spatial distribution of the absolute electric field values at
tmax for the electric dipole antenna and dSRR is shown. These cross-sectional images
shown the field at z = 100 nm and are scaled to exactly the same color map. Part a of
the figures show the entire unit cell, whereas subsequent parts show different parts in
magnification or side view. For the dSRR, the absolute field distribution at tmax is the
same for both THz pulse polarities.

Fig. 4.6(a) illustrates how the field enhancement comes from a redistribution of elec-
tric field from the majority of the unit cell (β < 1) to the volume close to the antenna
(β > 1). The magnification in Fig. 4.6(b) shows that the main part of the high field
concentration starts around hot spot 1 and extents only about 3 − 5 μm away. Since
the free-space wavelength of 0.5 THz is 600 μm, this field concentration is highly sub-
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Figure 4.7: Electric field distribution around the dSRR antenna at tmax. a) shows a top view
projection on to a plane that cuts the antenna at half of its height. The red rectangle indicates the
close-up area in b and the two double-arrows 2 and 3 indicate the cross-sections shown in c and
d. b) shows a close-up at the antenna tips, where all 4 hot spots are indicated. c+d) show two
perpendicular cross-sectional views that intersect in the antenna gap. All three images share the
color bar in the top right corner of a.

wavelength and approximately 2 orders in magnitude below the diffraction limit. In
Fig. 4.6(c), we observe that the field enhancement extends approx. 20 μm into the sub-
strate, with the most significant part residing no more than a couple of μm from the
Au-substrate interface. We shall use this insight later on in this work.

The field plot for the dSRR antenna at tmax can be found in Fig. 4.7. Fig. 4.7(a)
shows that the electric field is significantly concentrated in the gap between the I-tip
and the T-tip. This is further emphasized in the magnification in Fig. 4.7(b), where
we also observe that the extension of the field enhancement is similar to that of the
electric dipole antenna - namely 3 − 5 μm. Fig. 4.7(c) and 4.7(d) show vertical cross-
sections in the y-z and x-z-plane, respectively. The former shows that the field extend
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Figure 4.8: Current flow in the dSRR. a+b) Surface current distribution at tmax for the two dif-
ferent incident field polarities, shown in the top. Hot spot 1 and 2 are indicated along with the
virtual loops "T-tip" and "I-tip" used to calculate the current. Big red arrows indicate a large sur-
face current and small blue arrows indicate a small surface current. c+d,top) Currents as a func-
tion of time (solid red and blue) along with the incident THz field (dashed black). c+d,bottom)
The field enhancement β at the two hot spots. Vertical magenta lines indicate the three first
enhancement peaks.

into the substrate is approximately half of that for the electric dipole antenna. Hence,
the increased field confinement in the gap works. For the latter plane, the field extension
into the substrate is similarly less than for the electric dipole.

The last questions to answer in this section is: If the dSRR does not have a "ringing"
nature in the time domain, is it then resonant? And if not, how can it have such a large
field enhancement compared to a very resonant element like the electric dipole?

The answer to these questions can be found in Fig. 4.8. Here, the dSRR has been
illuminated with two different THz polarities as indicated above Fig. 4.8(a) and 4.8(b).
The electric field enhancement has been recorded in hot spots 1 and 2. At the same
time, the electric currents have been recorded very close to the hot spots, but at equal
distances to the actual hot spots. This has been done using Ampere’s law, where the
magnetic field has been integrated tangentially to a virtual loop encircling the antenna
structure at the points indicated "T-tip" and "I-tip". The result from the two polarity
cases can be found in Fig. 4.8(c) and 4.8(d), respectively. In their top plots, the figures
indicate the THz pulse with a peak electric field of 100 kV/cm.
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We first observe that incident peak fields of ∼ 100 kV/cm gives rise to currents of
several ampere, which runs through a cross-sectional antenna area of A = 200 nm ×3
μm = 6 · 10−9 cm2. The resulting current density for e.g. 1 A is a massive J = 1.67 · 108

A/cm2, but the total power dissipation is still low due to the high electrical conductivity
of the gold and the short time frame of the current. To illustrate: The Au resistivity is
ρ = 2.2 · 10−8 Ωm, which means that the d.c. power dissipation over e.g. l = 50 μm is
P = (1A)2 · ρ · l/A = 180 μW. Fot a time period t = 10 ps, the energy dissipation is only
180 μW ·10 · 10−12s = 0.18 fJ. In comparison, as we shall see, a 100 kV/cm electric field
is usually carried by a μJ-level pulse energy in the lab, so the thermal energy loss in the
antennas is negligible.

In the two lower plots in Fig. 4.8(c) and 4.8(d), the electric field enhancement and
actual electric field values are plotted in time. A vertical magenta line crosses through
the three first peak points that give rise to FE. The main peak is in each case indicated
with tmax. The same lines extend to the two top plots showing the currents. Under close
examination, one observes that the first peaks in electric field enhancement correspond
closely to the point in time when both currents are close to zero. The correspondence
becomes weaker when moving from the first two peaks towards the third.

Let us take a step back. A resonant system is one in which at least two forms of
energy can interact in a way that allows all of the energy to be transferred from one
form to the other and back again. Classical examples include the exchange of poten-
tial and kinetic energy in a swinging pendulum as well as the exchange of stress and
strain in buildings and bridges, thus causing them to have eigenfrequencies. For an
electromagnetic system, the two energy forms are represented in the electric and mag-
netic field. For a resonant antenna, there is a perfect exchange between the electric and
magnetic field via the current in the antenna. Thus, when charge carriers are separated
at the antenna ends, the electric field between them reaches its maximum. For a reso-
nant antenna, this also means that the current flowing in the antenna is zero. A quarter
of a period later, the charge separation is zero and the maximum current is flowing. In
electrical engineering, this is often expressed as a phase difference of 90◦ between the
voltage and current. Therefore, one way to characterize a system of at least transient
resonance, is to look at the phase difference between the current and field.

For the dSRR, this phase difference is almost perfectly 90◦ during the first 10 ps
irrespective of the incident THz polarity. This is especially pronounced at tmax, and it is
this effect that is the basis for the high field enhancement at the dSRR I-tip. One way
to say this is that the field enhancement at the I-tip is based on a broadband resonance
that comes from the interplay of electric and magnetic fields from all over the antenna.
Another way to say this is that all incident THz frequencies interfere constructively at
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the antenna I-tip, but only for a short period of time. From these considerations, we
could correctly call the dSRR antenna transiently multi-resonant or simply broadband.

Fig. 4.8(a) and 4.8(b) give some insight into this phenomenon. They both represent a
snapshot in time at their respective tmax, where the arrows indicate the surface current.
Here, red is high and blue is low, which is also shown in the relative arrow sizes. We
observe that the current flow at tmax is only close to zero locally around the two tips, but
has a rather chaotic behavior with multiple nodes around the rest of the antenna. The
reason why the field enhancement at the I-tip is influenced by the current at the T-tip is
that the two tips form a capacitive-like effect in the gap between them. A fully charged
capacitor obviously carry a stronger electric field than a non-charged capacitor. In this
case however, the antenna is so thin that the majority of the electric field lines should
be thought of as fringing fields that point in and out of the antenna plane - hence the
designation "capacitor-like".

4.4 | Fabrication of ourmetasurfaces

As a last section in this chapter, we will take a closer look at how the metasurfaces
were fabricated in practise. Although contained to a brief notice in this text, the actual
fabrication represented a huge part of the total work load - both in terms of labor hours
and economic investment. The main challenge for this part was that our own research
group did not work with sample fabrication in a cleanroom, so most knowledge had to
be acquired from scratch and through multiple fabrication failures.

All fabrication was carried out in the National Danish Cleanroom, located at the
Technical University of Denmark. For different subprojects of this work, we employed
different versions of the metasurfaces. These versions will be presented in detail in
Chapters 5-8. In the following, we shall walk through the main fabrication steps for all
of these different versions.

� Substrate | Throughout this work, we employed 3 different substrate types:

1 Float-zone (FZ) high-resistivity Silicon (HR-Si)

2 HR-Si with 1 μm thermally grown SiO2 on both sides

3 Fused Silica (simply referred to as SiO2).

All substrates were in the form of 4" wafers. The HR-Si wafer had a standard
thickness of 525 μm, and the fused Silica was 500 μm. The vast majority of samples
were fabricated on HR-Si for simplicity.
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Figure 4.9: Schematic of the fabrication of a metasurface in 9 general steps. 1) Three different
substrates were used, although most commonly the HR-Si version. 2) Spin-coating resist on one
surface. The resist thickness is shown disproportionally large compared to the wafer thickness
for clarification. When using a combination of fused Silica substrate and EBL, a 5 nm layer of
Al was put on top of the resist. 3) Resist profile after UV- or electron exposure and development
for both a positive and negative resist polarity. 4) Metal profiles after metal deposition. For the
negative resist profile, there is a clear difference between the metal on top of the resist and in the
gap. For a positive resist profile, the vertical sidewalls are slightly covered with metal. 5) Lift-off
process. The remover can easily take away all resist covered part for a negative resist, whereas
a combination of time and ultrasound is needed for a positive resist to break through the thin
metal layer on the vertical side walls. 6) The final result in side- and top view. 7) Some samples
had additional processing steps where they initially were patterned again using lithography.
8) Afterwards, the samples were exposed to deep reactive ion etching to remove the substrate
around the antennas. The antennas themselves acted as an etch mask in some areas, whereas
the resist was used as the mask in other areas. 9) Final result after the resist had been removed
in a plasma etch.

52



Chapter 4. Field emission frommetasurfaces 4.4. Fabrication of our metasurfaces

� Lithography mask | The patterning of antennas were done using different forms
of lithography. All mask files were laid out in the software packages KLayout and
Clewin in GDSII format.

� Lithography | Throughout the project, the employed fabrication technique evolved
from hard mask UV-lithography over mask-less UV-lithography to electron beam
lithography (EBL). The latter two were also combined to accommodate both the
need for nano-sized antenna tips as well as micrometer- and millimeter sized
antenna- and general sample features. Especially EBL on SiO2 was cumbersome as
the resist material had to be covered by a 5 nm layer of Al to avoid substrate charg-
ing (since SiO2 is not electrically conductive). For an electron-sensitive lithogra-
phy resist, the Al layer had to be thermally applied since the common method
of electron-beam evaporation of the metal source material would also introduce a
significant dose the the resist itself before EBL exposure.

For UV lithography, we used a positive AZ 5214E resist as well as a negative AZ
nLoF 2020. The normal thickness in both cases was 1.5 μm with a prior Hexam-
ethyldisilazane (HMDS) treatment for better adherence to the substrate surface.
The best results were obtained with the resist of negative polarity due to its side-
wall tilt angle - this can be seen in Fig. 4.9(3-5). For EBL, we used the positive
CSAR62 resist with thicknesses ranging from 70 nm to 500 nm.

� Development | After lithography exposure, the resist material was developed in
either AZ 726 MIF (for UV lithography) or in AR-600-546 (for EBL). Development
times and optional post-baking varied between different resist thicknesses and
substrate types. The typical development time was 60 seconds.

� Metal deposition | The actual metal antennas were made by evaporating 10 nm
Ti on to the resist-patterned surface and subsequently a layer of Au. For most
samples, the Au layer was 190-200 nm. For some samples, this layer was however
thinner if the resist thickness was very thin. As a heuristic rule, the metal thickness
should be 3-4 times less than the resist thickness in order for the subsequent lift-
off process to be successful. We found out that electron-beam evaporation of the
source metal was suitable for both UV- and electron resist, since no subsequent
development was carried out after metal deposition.

� Lift-off | The lift-off process was conducted in a chemical bath with applied ul-
trasound. The used chemical was AZ Remover 1165. No additional heating of the
chemical remover was done. Typical lift-off times were 30-45 minutes. A subse-
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quent rinse in isopropanol (IPA) was performed for several seconds before rinsing
in DI water for 4 minutes.

� Etching | For most samples, the previous steps were enough to finish the fab-
rication. For some samples that we shall be acquainted with in Chapter 8, the
substrate around the antennas was however removed. This was done by a sub-
sequent lithography process to mask off all areas that were not supposed to be
etched away. Afterwards, the wafer would undergo deep reactive ion etching
(DRIE). Here, the antennas worked as masking material themselves, as shown in
Fig. 4.9(8). For this to be allowed from a fabrication point of view, no more than
5% of the entire wafer surface could be covered with metal that was not masked
off by the resist. After the etch, the remaining resist material was removed in a 30
min plasma etch. The lift-off bath could also have been used, but with the risk of
surface contamination since the bath naturally contained small portions of metals
that had been lifted off other samples.

� Microscope inspection | All samples were inspected using both optical microscopy
and scanning electron microscopy (SEM). Images and micrographs shall be pre-
sented in the following sections for those samples that were optically investigated.
For optical inspection, we employed a Nikon Eclipse L 200. For SEM inspection,
we employed a Supra 40VP SEM.

� Sample dicing | At the end of the fabrication, the wafer was diced out into smaller
sample sizes of 10 × 10 mm. Each wafer would typically contain 36 samples. The
dicing was carried out with a saw to get samples of even sizes. The sawing pro-
cess was slightly dirty and will be exchanged in the future with a laser cutting
technique.

4.5 | Conclusion

In this chapter, we initially listed a pros and cons table outlining the general use of meta-
surfaces for ultrafast electron FE. The main pro is the metasurface ability to efficiently
concentrate the incident light to a highly subwavelength volume based on the antenna
resonances, which is a quality that is unobtainable with e.g. nanowires. The main con
is that the majority of field emitted electrons will be in-plane and therefore potentially
difficult to observe in practise.

We have looked at the two types of antenna that will be used for all metasurface
experiments in this work: The electric dipole antenna and the dSRR antenna. We have
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demonstrated CAD models of both antennas in their respective unit cell volumes. In
order to simulate the antenna response with our numerical electromagnetic solver CST,
we performed a tetrahedral meshing procedure with a rapidly asymmetric mesh cell
expansion. This was necessary in order to simultaneously capture nm- and μm size
field variations within the computational resources at hand.

We compared time domain and frequency domain simulations for the electric dipole
antenna and showed a pronounced ringing effect due to its narrow resonance. We then
performed time domain simulations on the dSRR and showed that its response was
highly transient in comparison to the electric dipole antenna. This was later demon-
strated to originate from a much broader frequency response of the dSRR, for which it
was originally designed. We furthermore showed that the introduction of an asymmetry
in the dSRR antenna gap lead to different field enhancement factors upon illumination
with THz transients of two opposite polarities. This will lead to a polarity-dependent FE
since the negative electron charge dictates that FE can only happen for a particular po-
larity of the field at the emission surface. This will be used experimentally in Chapters
6-8.

We showed that the spatial nearfield distribution around the electric dipole antenna
extended ∼ 20 μm away from the antenna at the point in time when the field enhance-
ment reaches its maximum. Due to the larger field confinement in the gap, this extent
was only ∼ 10 − 15 μm for the dSRR antenna. We additionally looked at the surface
currents in the dSRR to elaborately explain why it can be considered as a broadband
antenna. These observations will be investigated in more detail in Chapter 5.

Lastly, we reviewed the general procedure used for metasurface fabrication in the
cleanroom. The procedure is based on a combination of UV- and e-beam lithography.
Due to our inexperience within fabrication from the start of the project, the fabrication
procedure might be subject to elaborate changes in the future.

At this point, we are ready to look at a range of experiments that cover the interaction
of THz transients and metasurfaces. The following chapters will exemplify fundamen-
tal and applied work from the optical lab. We will initially verify our simulations via
permanently imprinted damage in our metasurfaces as well as observe the ultrafast dy-
namics directly via FE in vacuum. We will subsequently use the metasurfaces to develop
three fundamentally new techniques for both ultrafast electron-initiated experiments
and ultrafast imaging.
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5

Basic THz-antenna interactions

In this first experimental chapter, we shall take a look at some fundamental effects re-
lated to the interaction between THz transients and the antennas. This will lead into
more elaborate experiments in the following chapters, which are based on the under-
standing of the complex THz-antenna interplay that we study here. In this chapter,
we have collected the effects that do not have to do with the direct applications of the
metasurfaces, but are inherent to the system itself. The content of this chapter is mainly
based on the paper Perspective: Ultrafast THz-driven electron emission from metal metasur-
faces listed in Section 10.1. The paper has been submitted to Journal of Applied Physics.

This chapter initially demonstrates experiments with dSRR antennas that are ex-
posed to long-term THz exposure in high fields to map the resulting permanent re-
configurations. This shows that we can imprint the current pathways in the antennas
permanently for an instructive visualization. Afterwards, we investigate the linearity of
the antenna response as well as the simulated time domain responses from Chapter 4
in an autocorrelation experiment. We observe multiple electron bursts due to the reso-
nant ringing of the electric dipole response, which ultimately leads to conclude that the
temporal duration of the emitted electron bunches are in fact ultrafast. This finding will
be the cornerstone for developing a platform for ultrafast electron-initiated chemistry in
Chapter 6.

In the end, we perform the autocorrelation experiment on graphene dipole anten-
nas. By comparing the electron emission from Au and graphene, we observe radically
different dynamics. Our most importantly finding in an application context is that we
demonstrate how graphene can be used as a source for single electron bunches, since
its dipole resonance can be turned off in a high electric field. The underlying mechanics
of this phenomenon remain largely unexplained. However, our results form the imme-
diate basis for further investigations in the interest of understanding graphene under
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Figure 5.1: Permanent damage of antenna and substrate due to prolonged THz illumination of
dSRR structures. a) The electric field distribution at tmax, as simulated in CST. b) SEM micro-
graph of an Au antenna after 12 hours of THz exposure. Brighter colors indicate larger sec-
ondary electron backscattering rates. The arrows show permanent changes on the antenna. c) A
gap close-up of a similar Al antenna after 15 hours of THz exposure in a 66% attenuated field.

ultrafast high-field conditions.

5.1 | Substrate damage

We know from previous work that the strong electric field around the antennas partly
exists in the substrate [50], which is confirmed by our own simulations shown in Section
4.3. This can lead to a partial electrical breakdown of the substrate via impact ionization.
After all, the electrical field strength exceeds two orders of magnitude larger than the
d.c. breakdown value for Si, which is ≈ 2.5 · 107 V/m [98, 99]. In addition to these break-
down currents, electrons might collide with the substrate shortly after emission. Thirdly,
the strong electric field could lead to increased adsorption of atmospheric particles on
the antenna or substrate surface. It has also been shown in [100] how the strong field at
the antenna tip can lead to mass transfer of Au, possibly due to electromigration. All
of these three cases could potentially lead to a change in the antenna or substrate com-
position and thus compromise the ability to keep the antenna tips electrically separated
across the gap.

In order to shed light on these potential issues, we illuminated two different dSRR
antennas in normal atmosphere with high-power THz transients. Here, high-power refers
to tightly focused transients with peak electric fields in the order of hundreds of kV/cm
and pulse energies in the low μJ range. This was done at 1 kHz repetition rate using
pulses of approx. 1 ps duration, thus giving a duty cycle of D = 10−9. The results can
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be found in Fig. 5.1, where we acquired SEM micrographs of the antennas after illumi-
nation. The antenna in Fig. 5.1(b) was made of Au, and it was illuminated for 12 hours.
The antenna close-up in Fig. 5.1(c) was made from Al and was illuminated for 15 hours
in a field that was attenuated by 66% compared to that used for the Au antenna. From
simulations, we know that the field enhancement of an Au and Al antenna should be
similar.

The relative field distribution at tmax for the dSRR antenna is shown in Fig. 5.1(a)
on a linear scale. We observe that it closely resembles the bright pattern that has been
permanently imprinted on the antenna and substrate in Fig. 5.1(b). The same effect
is seen in Fig. 5.1(c), although with a smaller spatial extension up to 1 μm due to the
lower field used. It seems to be only the substrate that has changed for the Al sample,
whereas for the Au sample, the antenna tips have also acquired an additional brightness
compared to the rest of the antenna. This is highlighted by the three arrows.

It is the backscattering rate of secondary electrons that is responsible for the contrast
in the SEM micrographs. Therefore, brighter areas indicate higher backscattering rates
and therefore a higher charge carrier density (given that the material composition has
not changed). This increase could either stem from a permanent damage inflicted by
the breakdown current or from re-deposition of emitted electrons. Any mass-transfer of
antenna metal would be visible as a local "explosion", and increased absorption of air or
dust particles would give a less uniform pattern. The latter might be the reason for the
dark spots sitting on the top tip edges in Fig. 5.1(c).

We attribute the effect to stem from the electron emission itself, because a breakdown
current in the substrate would not affect the antenna parts indicated by arrows. Addi-
tionally, the highlighted areas showcase the top layers of the antenna which are not in
contact with the substrate. This theory aligns well with the fact that the imprinted pat-
tern closely follows the electric field lines in the gap itself, but turns into a more circular
shape on the antenna parts. If emitted electrons scatter off air molecules, then the main
electron trajectories should only align with the field lines in the strongest field, but be
more susceptible to random momenta - and thus make a spherical pattern - in parts with
weaker fields.

5.2 | Antenna currents

As shown previously in Fig. 4.8, our high-power transients drive currents of multiple
amperes in the antennas. As long as the transients are short and the electrical resistivity
of the antenna metal is low, this does not lead to a problem with joule heating due to

61



Chapter 5. Basic THz-antenna interactions 5.2. Antenna currents

Figure 5.2: Permanent imprint of electrical currents in TiN due to high-power THz illumination.
Current pathways are white. a) SEM micrograph of the entire antenna. The imaging is done with
secondary electrons backscattered normal to the incident surface in order to only resolve the top
atomic layers. b) Close-up of the connection between the dSRR antenna and the connection line
for electron replenishment. c) Another close-up of the gap. The current imprint splits out in a
fractal structure at the emission tips.

Figure 5.3: Comparison of SEM micrographs from top- and deeper lying atomic layers. a) Image
acquired with secondary backscattered electrons at an angle from the surface normal, which
represent the sample below the top atomic layers. b) The same image acquired with secondary
backscattered electrons normal to the surface, which probe the top atomic layers.

ohmic losses. However, if the resistivity of the antenna metal is increased by many
orders of magnitude, the driven currents start to deposit significant amounts of energy
into the metal.

We have used this principle to map out the current flow in a dSRR antenna. First, we
fabricated an antenna from TiN. TiN has a much higher electrical resistivity than Au. At
the same time, it has been shown to withstand the effect of high electric fields very well
(unpublished results from our group). Secondly, we illuminated it with high-power
THz for 12 hours in a front-side illumination configuration.

In Fig. 5.2(a), we see a SEM micrograph of the result. Evidently, the current path-
ways have been permanently imprinted onto the antenna surface. This reveals - not sur-

62



Chapter 5. Basic THz-antenna interactions 5.3. Au autocorrelation experiment

prisingly - that the current takes the shortest possible path around the antenna. Some
of the corners have acquired black marks that look like damage, but the nature of the
damage is still unknown.

The current pathways are shown in more detail in Fig. 5.2(b) and 5.2(c). The former
shows how the electron supply line carries a single current that splits into two parts
at the intersection. The splitting widens out, but the two resulting trajectories then
collapse to fine lines again. Fig. 5.2(c) shows how the current at the tips split out in
a fractal structure to cover the entire emission surface.

In both Fig. 5.2(b) and 5.2(c), we observe that a rim has formed around the edge with
a width of 500 nm - 1 μm. It is shown in the inset of Fig. 5.2(c) that the rim is cut off by
the perpendicular current flow. By closer examination in Fig. 5.3, we observe that the
rim is only visible when probing the top atomic layers of the antenna in Fig. 5.3(b). This
SEM micrograph is acquired with electrons scattered back normal to the surface. For
backscattered electrons at an angle, which reach deeper into the antenna, the damage is
not visible - this is shown in Fig. 5.3(a). Hence, the rim is a surface effect. It is marked by
a bright line, thus suggesting that it has grown from the edge and inwards. It is unclear
what the origin of the rim is, but one working theory is that it is formed by damage from
the current reaching the antenna edge.

5.3 | Au autocorrelation experiment

In Chapter 6 and 7, we will attempt to use the metasurface as a THz-enabled electron
gun for ultrashort electron bunches. The theory presented in Chapter 3 clearly states
that this should be possible. However, we needed experimental evidence that emitted
electron bunches are in fact ultrashort.

Additionally, our numerical simulations are all based on a linear material response
for both antennas and substrate. This means that we do not include e.g. substrate break-
down nor the fact the the extremely high current densities that are propagated in the
antennas could potentially show some saturation behavior.

In order to shed light on these aspects, we set up a THz-THz autocorrelation ex-
periment. An outline of this experiment is shown in Fig. 5.4(b). Our original 800 nm
pulse was initially split up into two pulses with a 50/50 beamsplitter. One of the pulses
was propagated via a delay stage to be able to control the time delay Δτ between the
pulses. Both pulses were propagated nearly co-linearly onto the THz generation setup,
as shown in Section 2.1. This resulted in the generation of two THz pulses with assumed
similar time waveform. The exact time waveforms were not sampled due to a lack of an
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EO detection setup at this point in time. Both pulses were propagated through a topas
window and into a vacuum chamber with a base pressure of 10−6 torr. Here, they were
tightly focused with a 2-inch off-axis parabolic (OAP) mirror onto the backside of the
electric dipole metasurface, which was outlined in Fig. 4.1. The focusing is seen in side
view in Fig. 5.4(a). The metasurface was mounted on x-y-z-piezo stages to control its
exact position on a few nm scale. A 3-D rendering of the mirror and stage system is
shown in Fig. 5.4(c).

Due to space constraints in the vacuum chamber, it was not possible to measure the
THz intensity in the focal plane. Therefore, two OAP mirrors were used to guide the
beams out of a second topas window and on to a third focusing mirror. This is shown
in Fig. 5.4(d). We then used a pyro-detector to verify that the average THz power was
identical for the two beams. We subsequently used a bolometer to image the relative
THz intensity for the two individual beams as well as the collective beam. The result is
shown in Fig. 5.4(e). We notice that the first THz beam is slightly more intense than the
second beam, which is indicated on their color axes. Their spatial extent and shape are
however similar. We shall include the slight skew of intensity later.

As shown in Fig. 5.4(a), the metasurface front side was located 3 mm from the open-
ing of a time-of-flight (ToF) tube. The ToF tube is a 1 m long vacuum tube held at 10−7

torr, which starts with a conical shape with a 3 mm opening diameter. Shortly after the
entrance to the ToF tube, there is an electrostatic lens that seeks to eliminate electron
velocities that are not aligned with the ToF vertical center axis. At the end of the ToF
tube, there is a 40 mm diameter multichannel plate (MCP). The MCP works as an elec-
tron intensifier, which multiplies impinging electrons in number such that a back-side
anode can pick up a measurable electrical signal. We shall go into more detail about the
workings on an MCP in Chapter 8. The MCP was operated with a 2.3 kV bias, which
was enough to detect single electrons.

Since the vertical kinetic energy of electrons entering the ToF tube is unaltered dur-
ing the travel from entrance to MCP, they will spatially spread out and arrive at the
MCP at different times depending on their initial kinetic energy. This is why the setup
as a whole is called an electron time-of-flight spectrometer. The relation between kinetic
energy Ekin and travel time t is given by

Ekin =
1
2

mev2 =
1
2

me

(
L

t − t0

)2

(5.1)

where L = 1 m is the ToF tube length, me the electron mass, t the arrival time at the MCP
and t0 the time when the electron was emitted from the metasurface. Realistic flight
times are in the order of tens or hundreds of ns, whereas the THz-antenna interaction
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Figure 5.4: Experimental setup used for the autocorrelation experiment. a) Outline in side view
of the situation where the incident THz beam is focused onto the front side of the metasurface.
Emitted electrons enter a time-of-flight (ToF) tube 3 mm above the metasurface. b) Sketch of
the entire THz generation setup using two 800 nm pulses for THz generation with a time delay
Δτ. c) 3-D rendering of the setup used to guide the THz pulses to the metasurface back side.
d) Outline of the THz detection scheme after the first focus inside the vacuum chamber. OAP
mirror focal lengths are indicated in inches. e) Intensity distribution for the two THz pulses
measured by a microbolometer from manufacturer NEC.
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Figure 5.5: Electron detection in time and energy using the ToF setup. a) Typical oscilloscope
time traces of the t0-pulse and the associated electron emission. Both data series have been
normalized to 1 individually. Data was required as an average over 512 spectra and is shown
on a linear scale. b) The same plot as in a, but shown on a semi-log scale to better visualize the
tail of electrons that arrive after several hundred ns. c) The MCP data from a, which has been
converted to energy using Eq. (5.1) and shown on a linear scale. d) The same data as in c, but
shown on a semi-log scale to better visualize the low-energy tail.

time has been simulated to be in the order of a few ps. Moreover, we calculated that the
THz flight time from the LiNbO3 generation crystal to the metasurface was less than 1
ns. Therefore, we approximate the electron emission time t0 as the time of the generation
of the THz pulses. We measured the latter with a fast photodiode, which recorded the
second harmonic generation in LiNbO3. We ensured that the length of the coaxial cable
between the MCP and oscilloscope was the same as for the photodiode to oscilloscope,
such that no additional time difference was added in the communication part.

In Fig. 5.5(a), a typical oscilloscope trace is shown for the MCP and photodiode,
respectively. The same trace for the MCP is shown on a slightly larger semi-log scale
in Fig. 5.5(b) to better show the slow tail of electrons that arrive after several hundred
ns. All traces were captured as an average over 512 spectra. Although the MCP is linear
with respect to the amount of impinging electrons, its output was not calibrated to count
the absolute amount of electrons. Therefore, we normalized all MCP output data.

The fastest electrons arrive at the MCP after approximately 110 ns and the slowest
after 520 ns from their estimated emission time, indicated as t0. Using Eq. (5.1), the
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Figure 5.6: SEM micrograph of the tip of an electric dipole emitter with two main emission
spots. (1) indicates the main emission surface and (2) indicates a range of vertically aligned
nano-emitters. The inset shows the model used in simulations to account for the nano-emitters.

flight time was converted to kinetic energy as shown in Fig. 5.5(c) and 5.5(d) on and
linear and semi-log-scale, respectively. We observe that the energies reside between 0
and 250 eV, with a skewed distribution towards lower energies. In reality, the lower
threshold for measuring the electron energy in the ToF setup reliably resides at a few
eV. The skewed distribution is an expected and central feature of the FE process: Higher
fields lead to both increased emission and subsequent acceleration. Combined with the
high non-linearity of the emission, we expect in the ideal case to have a sharp, step-like
drop at the highest energy from maximum emission number to zero.

The actual electric dipole antennas were fabricated with a positive lithography resist.
Therefore, in the lift-off process, the edges of the antennas could have ended up in a
somewhat rough condition since the lift-off chemical had to break through a thin metal
barrier in ultrasound before being effective - this was illustrated in Fig. 4.9(5). We
believe that this is the explanation for the rugged antenna tip edges, of which one was
imaged with SEM in Fig. 5.6. We observe that the tip of the emitter consists of two
distinct emission surfaces: 1) the largest emission surface, which is perpendicular to the
incident electric field and 2) vertically aligned nm-sized emitters. The image is recorded
with a significant tilt to obtain 3-D information.

Before we investigate the experimental results further, we shall turn our attention
to some preliminary simulations. In Chapter 4, time domain finite-difference simula-
tions were carried out on a tetrahedral mesh grid. Such grid is not suited for rapid
expansion and therefore problematic when one wishes to resolve both nm- and μm-
sized structures. Therefore, to simulate the electron emission from the dipole antennas
in CST PS, we employed an antenna model with a blended edge as shown in the in-
set of Fig. 5.6. The edge blend naturally gives some of the emitted electrons a vertical
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Figure 5.7: Simulated electron emission from the electric dipole antenna. a) Graphical rendering
of the electron emission from one of the dipole tips at 4 points in time. Black arrows indicate the
main acceleration gradient of the electrons, where E > 0 is outward acceleration and E < 0 is
inward acceleration. The blue arrow at t1 show a portion of the emission that hit the substrate
close to the emission point. The encircled dots at t3 indicate secondary emission (SE). b) β at the
dipole tips (magenta) as a function of time along with the accumulated emission (black). The
emission strengths (blue and red) from the two tips are arbitrarily scaled on the y-axis and can
only be compared by relative amplitude.

velocity component, like they would have gotten from the vertical nm-emitters. The
local field enhancement β might however be much larger than what a simulation for
a smooth, μm-sized surface predicts. To compensate for this in the FN emission part,
we employed a lowered work function of 1.5 eV - we shall argue more deeply for this
choice later. We additionally found from the following experiment that the increased
enhancement effect at the nm-sized tips extended less than 1 μm away from the tips
before it became identical with the μm-size nearfield prediction. Therefore, the electron
energies observed at a scale of 10s of μm away from the blended edge should represent
the nm-sized emitters reasonably well.
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In Fig. 5.7(a), we depict the electron emission from one of the dipole tips at four
points in time, which are indicated on a time axis in Fig. 5.7(b). For simplicity, the inci-
dent THz electric field is defined in the substrate to avoid treating the Fresnel reflection.
The incident field strength is set to 130 kV/cm, which is similar to what we shall observe
in the experiment later. An important point to recall is that the emission is calculated as
a tunnel current J, and each particle therefore represents a macro charge that does not
necessarily equal that of a single electron.

We note in Fig. 5.7(a) at t1 that a portion of the electron emission hits the substrate
surface less than 1 μm from their emission point - this is indicated with a blue arrow.
The parts that originate from the blended surface has a large enough vertical component
that it can start to propagate through the antenna nearfield. The most energetic parts
obtain energies up to 400 eV over the course of just 2-3 μm.

At t2, the electric field is zero. This means that the emission has stopped, and emitted
electrons do not experience further acceleration. At t3, the field has changed polarity
and now starts to pull some of the emitted electrons back towards the antenna. A small
fraction of the electrons collide with the antenna to produce secondary electron emission
(SE). At the same point in time, the opposite tip of the electric dipole antenna emits
electrons. At t4, the field has changed sign again. This means that existing electrons are
re-accelerated away from the antenna, and a new bunch of electrons are emitted.

All of the above is summarized in Fig. 5.7(b). The electric field enhancement β,
which was calculated in Section 4.3, is shown together with the absolute number of
emitted electrons. The relative emission probability at the two dipole tips is shown in
red and blue. Although β attains almost the same absolute value at t1 and t3, the emis-
sion non-linearity leads to a 50% decrease in emission probability. The bell-curve shape
of the emission probability is narrower than the field half-cycle, thus confirming that
the electron emission technique has a fundamental, built-in temporal compression fea-
ture. One should note that the total number of emitted electrons is 500. When doubling
the peak electric THz incident field, this number grows by 3 orders of magnitude (not
shown in the figure).

We are now ready to look at the autocorrelation experiment described earlier. In Fig.
5.8, the total results are summarized. In Fig. 5.8(a), we record the energy spectrum for
a range of time delays Δτ. The time delay Δτ = 0 denotes when the two THz pulses
arrive at the metasurface at the same time. For Δτ > 0, the first pulse arrives before
the second pulse and for Δτ < 0, the situation is inverted. The summation of a single
column in Fig. 5.8(a) gives the total electron emission, which is plotted in Fig. 5.8(b)
for each value of Δτ. The Fourier transform of this signal in the time domain has been
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plotted in the frequency domain in Fig. 5.8(c).
The first thing to observe from Fig. 5.8(a) is that the electron emission is divided

into two clearly distinct energy distributions. For each of these distributions, we have
marked the peak value of the energy with a black dot. This reveals that the peak en-
ergy for the low-energy distribution, which is centered around 75 eV, does not change
significantly with varying time delay. This is almost irrespective of whether the pulses
interfere constructively or destructively. On the other hand, the width and amplitude
of the low-energy distribution is very dependent on the time delay. At this point, we
are not able to explain this effect completely. Possible explanations include that the dis-
tributions stems from SE or field-assisted thermal emission due to a local temperature
increase on the nanoscale at the emission tip, which is very hard to measure experimen-
tally in a simple way.

The high-energy distribution is centered between 120 and 150 eV. In contrast to the
low-energy distribution, its peak energy varies as expected with the time delay. The
origin of the boomerang-like shape for the peak energy could be a slight skew in the
THz peak field time trace. Interestingly, we observe that the highest observable energy
is 350 eV. The result is almost identical for all negative time delays where the pulses
interfere constructively.

The difference between constructive and destructive interference is further illus-
trated in Fig. 5.8(b). Here, we make a comparison between the experimental data (red)
and a simplified numerical model (black). In the model, we use the electric field trace
from the time domain simulation shown in Fig. 4.4 and add a duplicate of itself on top.
The duplicate has a 20% lower field strength. We then vary the time delay between the
two pulses and calculate the theoretical FE using Eq. (3.6) for each time delay. We use
a field strength of 130 kV/cm and β = 118, as found in our previous time domain sim-
ulations. To illustrate the total electric field that comes out of this procedure, we have
shown 4 time traces in Fig. 5.8(d) for 4 significant time delays.

We initially observe in Fig. 5.8(b) that the FE for destructive interference decreases
when moving through the negative time delays towards Δτ = 0. In the time range
around Δτ = 0, the destructive interference makes the FE vanish completely. However,
at Δτ ∼ 4 ps, we see that the FE at destructive interference very suddenly grows to a
constant non-zero level, which is not compromised for any time delay above Δτ ∼ 4.
We found that in order to capture this effect with the numerical model while also being
able to extract the correct trend for negative time delays, we should use an effective
work function Φ = 1.5 eV.

The reason for the sudden increase in the lower FE limit for positive time delays can
be found by close observation of Fig. 5.8(d). First, we observe that the weak THz pulse
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Figure 5.8: Results from the autocorrelation experiment. a) Energy distribution of emitted elec-
trons (vertical axis) as a function of the delay time between the two THz pulses (horizontal axis).
The black dots represent the local emission maximum in terms of number of electrons. b) Total
electron emission for each delay time in a (red) along with the pure FN prediction (black). The
vertical axis is scaled using the FN prediction and the experimental data is scaled arbitrarily
to best show its features. c) Fourier transformation of the experimental and simulated data in
b. The full width half maximum (FWHM) of the main amplitude peak is indicated. d) Time
traces for 4 different THz delay times. Horizontal, dashed lines indicate the approximate elec-
tron emission threshold. Graphs are offset for visualization. e) CST PS simulation of the vertical
electron energy as a function of emission time. β has been shown with a positive offset of 100 for
comparison. All CST data has been post-processed in MATLAB. f) Comparison of the simulated
electron energy spectrum compared to the measured spectrum at Δτ = −14.4 ps.
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is not able to emit electrons by itself, whereas the strong THz pulse is. This means that
at Δτ = −14.4 ps, we only see emission for the constructive interference between the
pulses. This emission is very similar to what the strong THz pulse would emit itself.
At Δτ = 0 ps, the two pulses overlap completely and the total emission comes from
multiple peaks in the electric field. At Δτ = 1.34 ps, the pulses interfere destructively,
and the field is never strong enough to emit any electrons. At Δτ = 6 ps, we observe
that the two pulses interfere destructively, but only at the tail of the strong pulse. The
main peak of the strong pulse is hence left unaltered and emits electrons by itself. This
un-compromised emission is what leads to constant FE irrespective of time delay later
than Δτ ∼ 4 ps.

The y-axis on Fig. 5.8(b) has been calibrated with the numerical solution since the
MCP is not calibrated to count the total amount of electrons. This means that the height
of the experimental data peaks are arbitrary and hence scaled to best show the features
of the time trace. In reality, the numerical model will always overshoot the experimental
data, since we are aware that we only collect a small fraction of the emitted electrons.

The degree of overshooting increases for small time delays. We believe that this
can be explained by the two main emission surfaces that are indicated in Fig. 5.6. For
small electric fields, the main emission is vertical as the nm-sized emitters provide a
larger field enhancement than the large, vertical antenna side. As the field strength
increases, the FE from the vertical antenna side grows much faster than for the nm-
sized emitters. This is both due to the larger emission area, but also that the slope
of the FN emission curve decreases monotonically with increasing field strength. The
vertical antenna side emits mostly in-plane, so we are not able to collect this emission
very efficiently. Therefore, we effectively collect a decreasing fraction of the emitted
electrons as the field increases. This issue was mentioned in Chapter 4 as one of the
central drawbacks of using metasurfaces in general for FE.

It has previously been noted that the intense electric field, which exists around the
antenna-substrate interface inside the substrate can cause impact ionization and thus
create free carriers. In this case, the substrate becomes partly conductive, and it there-
fore contributes to the antenna resonance behavior. It does so via a short-lived increase
in refractive index, which leads to a decrease in resonance frequency that is field depen-
dent. This was already been reported by Tarekegne et. al. [50] in a system very similar
to ours. In our case, the overall resonance frequency decreased by 11%. According to
Tarekegne et. al., this shift corresponds to an incident THz electric field of approx. 130
kV/cm. Therefore, we use a strong pulse of 130 kV/cm and a weak pulse of 104 kV/cm
in our numerical model. The 11% shift has been accounted for in the model and the
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resulting hybrid antenna-substrate resonator system has a quality factor of

Q =
ω0

Δω
=

0.417 THz
0.067 THz

= 6.22 . (5.2)

The most important observation made from the spectrum in Fig. 5.8(b) is that the tem-
poral widths of the FE peaks can be adequately described by the numerical model. This
is direct evidence that the electron emission bursts are in fact ultrashort - significantly
shorter than the temporal width of the driving THz electric field. This means that we
can in fact use our metasurface as an ultrafast electron gun.

In order to better understand the energy spectrum that we observe, we used CST PS
to simulate the FE and track emitted electrons away from their emission point. This
was already shown as a few time snapshots in Fig. 5.7. By expanding the simulation
domain, we were able to track emitted electrons up to 100 μm away from the antenna
tips. We did not have enough computational power to proceed beyond this simulation
domain size, so making a simulation up to 3 mm was simply not an option. However,
we found that the kinetic energies of emitted electrons were largely unchanged above
40 μm, since their main acceleration takes place in the antenna nearfield. We therefore
inferred that the vertical energy component of the electrons at this height was similar to
what we would observe in our experiment.

Most of the emitted electrons had much larger in-plane than vertical momentum
though, so not all of them would ever reach the entrance to the ToF tube. Electrons that
actually made it to the ToF tube entrance would have their in-plane velocity removed
by the electrostatic lens. By observing the THz mode profiles on Fig. 5.4(e), we note
that the radius of the THz pulse is ∼ 1.5 mm. Therefore, in the simulation, we only
considered electrons with vertical momentum twice that of their in-plane momentum
at 40 μm height - all other electrons were considered non-detectable.

The simulated energy spectrum is found in Fig. 5.8(f) along with the experimental
spectrum retrieved at Δτ = −14.4 ps. The initial observation is that the simulated
spectrum correctly predicts the observed energy range between 50 and 350 eV. It also
hints towards a distribution that has a central peak flanked by two tails of different
width.

However, the simulated spectrum also consists of many discrete-looking peaks, whereas
the experimental spectrum is very smooth with the low-energy and high-energy peaks
showing clearly. The reason for the discrete nature of the simulation is the fact that we
had a limited spatial and temporal resolution due to the computational burden. In this
case, we had Δr = 40 nm, Δt = 20 fs and a total of 352 emission points on antenna
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tips. Problematically, we expect the electric field close to the antenna-vacuum interface
to vary significantly over less than 40 nm. In addition, a limited number of emission
points lead to discretely spaced electron trajectories such that not all possible trajecto-
ries are recorded in the simulation.

More importantly, the strong non-linearity of the FE means that the amount of vari-
ation that the field undergoes in 20 fs leads to a significant change in emission current.
Thus the FE will be observed in bunches instead of a continuous current. These bunches
translate into the discrete energy peaks in Fig. 5.8(e) since emission and acceleration are
linked via the electric field. This was verified by increasing the time step width to ob-
serve less peaks. Hence, for sufficient computational resources at hand, one can make a
smooth simulation spectrum.

The artificial peak generation is elucidated in Fig. 5.8(e). Here, we have made a com-
parison between the energies of simulated electrons and their time of emission from the
antenna. As we had expected, the largest emission number and energies are found si-
multaneously for the strongest electric field. The multi-cycle resonance behaviour of the
field leads to multiple emission bursts, although with a generally decreasing emission
current. The most surprising feature is that the emission stems almost entirely from the
decreasing part of the field cycles. Again, we observe that the limitation in our simula-
tion resolution translates into vertical energy gaps in the FE. These gaps do not reflect
reality.

5.4 | Graphene autocorrelation experiment

It is becoming increasingly well-known in the scientific community that THz can in-
teract very strongly with graphene albeit the fact that it is only one atomic layer thick
[101, 19, 72]. Combined with its extremely high electrical conductance, it is possible
to make antenna structures from graphene. Going back to its low thickness, graphene
antennas should provide a much higher field confinement and therefore field enhance-
ment than Au antennas.

In Fig. 5.9(a), we show a SEM micrograph of a graphene sample with dipole anten-
nas sitting opposite of each other with a 3 μm separation distance. They are 109 μm long
and 3 μm wide, just like the Au antennas. The graphene antennas are not connected to a
common ground, and they include only 6 antenna pairs as well as a single antenna. The
graphene sample was fabricated starting with chemical vapor deposition (CVD) grown
graphene on a HR-Si substrate. The graphene layer was initially spin coated, and an-
tennas were defined with UV lithography. The development process removed all resist
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Figure 5.9: Graphene autocorrelation experiment. a) SEM micrograph of the graphene antennas.
The inset shows the an outline of the design. b) Energy spectrum for Δτ = 2.9 ps. c, top) 2-D
autocorrelation trace with the energy resolution of each time delay. White colors indicate an
electron count < 10−3 compared to the maximum electron count. The sum of each column is
shown in c,bottom), with the time delay between consecutive peaks are indicated above the
double-headed arrows. The inset shows a magnification of the white line around 145 eV.
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except where the antennas were patterned. The exposed graphene was removed with
plasma ashing for approx. 10 seconds. The remaining resist was removed in the lift-off
bath. The black spots on the top antennas show that some of the resist still adheres to
the sample. However, since graphene is so thin, it is very difficult to remove all resist
residues without damaging or completely removing the graphene antennas.

We then performed a similar autocorrelation experiment on the sample to that car-
ried out on the Au sample. The complete result is shown in Fig. 5.9(c), with the sum-
mation of each column shown in Fig. 5.9(d). A single energy spectrum for Δτ = 2.9 ps
is shown in Fig. 5.9(b).

We initially observe in Fig. 5.9(d) that there is a constant emission of electrons for
all time delays. This indicates that - contrary to the Au experiment - that both THz
pulses can emit electrons from the graphene antennas. We also observe that the emission
outlines a trace that resembles that of a rather generic THz pulse that has not been
optimized very well in the generation parts of a setup. The THz trace repeats itself with
a repetition time between 11 and 13 ps. For a 525 μm HR-Si substrate with n = 3.42, the
THz echelon round-trip time is

trt =
2 · n · 525 · 10−6m

c
= 11.96 ps. (5.3)

This time correspondence indicates that the subsequent emission modulations stem
from the interference between the time delayed THz pulse and the first, second and
third echelon of the first THz pulse. We also observe that the modulations of the elec-
tron emission from the THz-THz pulse interference are much smaller than in the Au
case. For graphene, the difference between the highest observed emission and the "back-
ground" emission is a factor of 2. For Au, we observed an emission modulation in the
order of 1000.

The separation of emission modulations into traces that resemble a THz pulse indi-
cates that the electric field at the antenna tips somehow act as if the antennas are not
resonant at all. In other words, from a macroscopic point of view, it looks like the anten-
nas are much longer than the free-space wavelength of the THz pulse frequencies. This
means that the electric field does not oscillate for longer at the dipole tips than the THz
pulse itself.

To illustrate this phenomenon, we conducted the same autocorrelation calculation
as for the Au antenna. The result can be found in Fig. 5.10. In this case however, we
made the autocorrelation trace solely from a generic THz time trace to represent the two
THz pulses themselves (shown in the inset) instead of the long-lasting dipole resonance
field. We observe that since one of the THz pulses is 20% weaker than the other, the
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Figure 5.10: Calculated autocorrelation trace for the two generic THz pulses shown in the inset.
Note that this plot is on a semi-log scale.

autocorrelation trace is asymmetric - just like we see in Fig. 5.9(d). We also note that its
shape overall resembles the experimental trace well, with the central discrepancy that
the calculated trace is shown on a semi-log scale, whereas the experiment is shown on a
linear scale. Like previously noted, this means that we have a field-dependent detection
efficiency in our ToF setup.

At this point in time, we do not understand the full picture of this effect. One pos-
sible explanation for this phenomenon is based on a thermodynamic model from [102].
Here, the graphene conductivity is "turned off" by the strong THz electric field on a
much faster time scale than the inverse resonance frequency of the antenna. An impor-
tant point to notice is that Fig. 5.10 is made on a semi-log plot and not a linear plot like
the experimental values. This suggests, like previously observed for Au, that we only
detect a fraction of the emitted electrons.

In Fig. 5.9(c), we see that the observed energies form a very well defined "band"
between 150 and 270 eV. The width of the band is almost independent of time delay. For
the emission peaks indicated by dashed, vertical lines, the number of emitted electrons
increase and for the strongest destructive interference, the emission disappears. We saw
the same trends in the Au experiment. However, for the graphene experiment, a second
energy band has formed between 320 and 430 eV. A third and very clearly marked band
has formed between 460 and 470 eV, which is very clearly cut off at its high-energy side.

When the two THz pulses do not interfere, the three bands are very clearly sepa-
rated. During interference however, the bands start to merge into a more continuous
distribution, as exemplified by the energy cross-section in Fig. 5.9(b). The distribution
gradually increases from the lowest observed energies around 50 eV and up to 145 eV.
Around this energy, there is a very narrow, but significant, decrease in electron count.
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This decrease is observed for virtually all time delays and can be observed as a white
line in the horizontal direction at 145 eV in Fig. 5.9(c), with a magnified inset in Fig.
5.9(d). At 200 eV and 250 eV, we observe two distinct peaks in emission. These peaks
seem to be distinct for all time delays. They have been marked as P1 and P2, respec-
tively, on the right-hand side of Fig. 5.9(c). One idea is that the peaks could originate
from each end of the antenna. The low-energy peak would then be emitted from the
weaker lobe of the THz pulse in one end, whereas the high-energy peak would be emit-
ted from the stronger lobe of the THz pulse in the other end of the antenna. However,
one would expect the high-energy peak to also have the highest electron count, which
is not the case.

Additionally, for constructive interference, there seems to arise a third peak between
320 eV and 450 eV. In the spectrum in Fig. 5.9(b), the third peak is broad and clearly
removed from the two first peaks. Close to Δτ = 0 however, the peaks get closer to
merge into a flatter distribution and the sharp cut-off at 470 eV is also compromised. It
is still unknown why these effects occur, but we can firmly state that graphene behaves
very different from Au.

5.5 | Comparison of Au andGraphene

A final aspect to consider in this chapter is the comparison of Au and graphene antennas
in varying field strengths, using only a single THz pulse with peak electric field around
300 kV/cm. The field strength was varied using two wire-grid polarizers. For the two
antenna systems , their electron energy spectra for 6 different, relative field strengths
(50% to 100%) can be found in Fig. 5.11(a) and 5.11(b). The most notable difference is
that the width of the energy band for Au attains approximately the same value for all
field strengths, whereas the band widens significantly with increasing field strengths for
graphene. In contrast to the autocorrelation experiment, both distributions now exhibit
increasing emission count together with increasing emission energy (except for Au at
the lowest field strengths) and the emission cuts sharply off around the highest observed
energy. For Au, the energy distribution has a single peak, whereas for graphene, there
is a fixed peak at 105 eV and a second peak that moves towards higher energies with
increasing field strength.

Seeing as the emission distributions are more continuous when using a single THz
pulse, it suggests that the multiple, separated distributions in the autocorrelation ex-
periments arise from emitted electrons from the first THz pulse being influenced by
the electric field of the second THz pulse. Therefore, the distinct distributions might not
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Figure 5.11: Comparison of Au and graphene for varying incident field strengths. a+b) Electron
energy and count with 6 different electric field strengths for Au and graphene, respectively. c)
Total electron emission as a function of incident field strength. The x-axis is normalized to 1,
where 1 = 300 kV/cm. The E2 line is introduced for visual aid. Points 1 and 2 indicate sudden
"jumps" in the electron emission. d) FN plots of the data in c. The retrieved work functions are
indicated in the legend. The graphene work function is invalid as we do not know βgraphene.
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originate from the emission itself, but rather from THz free-space modulation of emitted
electrons’ momenta.

For both materials, we varied the THz field strength and recorded the total emission.
This can be found in Fig. 5.11(c) and 5.11(d). The former is the raw data in a log-log
plot, and the latter is a FN plot that is made using ETHz = 300 kV/cm and β = 118. We
observe that the emission from both materials have significant range that is linear on
the FN plot, thus confirming that emitted electrons come from FE.

For Au, we find a work function ΦAu = 1.09 eV and for graphene, we find that
Φgr = 2.5 eV. We shall see that we are able to find approximately the same work function
for Au in many other experiments in this work, which will be presented in Chapters 6-
8. This confirms that we are confident about our simulated β-value and we therefore
believe that the value for ΦAu is reasonable. On the other hand, we do not know what
the β-value for graphene is. It has been reported in d.c. or quasi-static cases to attain
values up to ∼ 17000 [74], but it is highly dependent on the quality of the graphene
as well as the particular edge that one emits electrons from. We shall in this case not
proceed further with this investigation, but simply conclude that the obtained work
function for graphene is not valid.

In Fig. 5.11(c), we have marked two spots with 1 and 2. They indicate a discrete jump
in the emission for each of the two materials, but at different electric field strengths. The
jumps are subject to further investigation.

Close to ETHz = 0.6 · 300 kV/cm = 180 kV/cm, both distributions quickly approach
a trend ∝ E2. This is indicated by a dashed line in Fig. 5.11(c). We know that the FN
emission should approach E2 for very high field strengths as the exponential factor goes
towards 1. This effect is included in the FN plot and should not modify the linearity of
a perfect FE process. What we observe is however that the linearity disappears. This
indicates that the exponential factor very suddenly goes to 1 much earlier than it should.
This effect is observed in multiple experiments within this body of work and we will be
considering this phenomenon throughout; however, we have yet to reach a conclusive
understanding of its origin.

5.6 | Conclusion

In this chapter, we have demonstrated how the substrate and antennas on our meta-
surfaces undergo permanent re-configurations during prolonged high-power THz illu-
mination over 12 hours in atmospheric air. We attribute this change to originate from
local charging effects that arise when emitted electrons re-collide with the metasurface
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around the emission points. Our observations validate the simulations from Chapter 4,
where we showed numerically that the main emission comes from four hot spots in the
gap center. Moreover, by fabricating antennas out of TiN, we are able to permanently
imprint the current pathway in the antennas. This shows that the current takes the short-
est possible path around the antenna and spreads out in a fractal structure close to the
emission points. This behavior was not predicted from simulations. The current spread
at the tips means that a sharper tip should indeed lead to higher field enhancement,
which is central for experiments performed in Chapters 7 and 8.

Subsequently, we performed an autocorrelation experiment on the Au electric dipole
antennas using two THz pulses. The experiment was carried out in vacuum and the
electron emission was recorded in a time-of-flight electron spectrometer. We observed
that the electron emission followed the impulse response of the dipole antennas, thus
verifying both the linearity of the antenna response that was assumed in simulations as
well as the fact that we can create ultrashort electron bunches with this technique. The
cavity quality factor (Q-factor) of the dipole antennas is 6.22, which means that the an-
tenna response contains multiple oscillations that can lead to a series of electron bunches
from the same THz transient. This Q-factor includes a shift in resonance of 11% due to
free carrier generation in the substrate, which stems from impact ionization - thus, the
substrate response under high fields is not entirely linear. The observed electron en-
ergies follow two distinct electron sub-distributions centered at ∼ 75 and ∼ 150 eV. By
numerical simulations in CST PS, we are able to reproduce the span of observed electron
energies, although our resolution is not yet good enough to reproduce the actual spec-
trum. Our ability to reproduce the measured electron energies in simulations suggests
that the field enhancement factor found in CST is correct, at least for the main part of
the nearfield. We shall therefore continue using the simulation results in Chapters 6-8.
We are still not able to resolve the effect of nm-scale emitters very close to the emission
surface.

We repeated the autocorrelation experiment for graphene dipole antennas, where we
observe a radically different behavior. From a macroscopic point of view, the graphene
antennas behave non-resonantly and the electron emission thus follows the instanta-
neous THz field. The graphene emission shows various features in its energy spec-
trum that remain unexplained, such as discrete "gaps" without emission - much like
a semiconductor band structure. From an application point of view, the non-resonant
graphene behavior is appealing since it allows us to create an electron gun with only a
single electron burst resulting from a single-cycle THz transient.

By comparing the graphene emission to Au for various field strengths, we observe
that they both follow a FN emission behavior. We determine the effective work function
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for Au to be 1.09 eV, but but we yet to validate the graphene work function. However,
our graphene results seemingly already hold more information that can be extracted
with additional data processing.

In the following chapter, we will start to consider the first potential application of THz-
driven FE from our metasurfaces.
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6

Towards electron-initiated
femtochemistry

Studies of the kinetics of chemical reactions on ultrafast time scales rely on a host of
techniques based on primarily femtosecond laser pulses. In such studies, chemical reac-
tions are either initiated or perturbed with an ultrashort pulse, after which the chemical
response is recorded in time with a series of subsequent ultrashort pulses using the
stroboscopic effect – just like the workings of the coherent THz detection. The time
resolution in such studies is limited by the temporal width of these pulses, which can
be compressed to down to atto-second durations [103]. However, there is an extensive
group of chemical reactions that are initiated by ionizing radiation like free electrons
- most famously redox reactions. Studies hereof are termed pulse radiolysis and their
temporal limitation is on ∼ 100 fs because bunches of electrons suffer from Coulomb
repulsion over their acceleration distance [104, 105].

In this chapter, we demonstrate a novel method to generate, accelerate and interact
bunches of electrons with a target that can potentially reach sub-femtosecond time reso-
lution in pulse radiolysis studies. Our method is based on ultrafast electron field emis-
sion and subsequent laser field acceleration by electromagnetic transients in the THz
frequency range. We use our dSRR antenna-based metasurface developed in Chapter 4
to concentrate the laser electric field into the V/nm regime and we deploy a dielectric
polymer (DP) directly on top of the antennas. In this way, field emitted electrons are
accelerated whilst inside the DP and reach sufficient energy to enable luminescence in
the order of hundreds of nm, thus rendering Coulomb repulsion negligible and thereby
maintaining the temporal width of the electron emission itself. Our findings are the ini-
tial steps towards observing, influencing and, possibly, controlling chemical reactions
with free electrons in the 10-300 eV energy range on sub-femtosecond time scales.
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We shall look at two different DP systems used to demonstrate the very fundamen-
tals of this technique. Our main goal is to demonstrate and argue that we can in fact
drive this electron emission and acceleration process inside a DP system. We shall ei-
ther polymerize the DP or use it as a carrier for scintillating molecules. The latter will
be described using Monte Carlo (MC)-based simulations in order to explain our exper-
imental observations and extract further information about the spatial distribution and
kinetic energies of the emitted electrons. We shall ultimately give a perspective on how
to use this platform for performing future ultrafast studies.

6.1 | The idea

The simple experimental idea is outlined in Fig. 6.1. The front side of a metasurface
is covered in a DP that extends over the entire surface. We utilize the fact that we can
illuminate the metasurface from the back side to avoid propagation through the DP
itself. As shown in Fig. 6.1(b), the incident THz beam will interact with numerous
antennas that allow us to both resolve the interaction in a 2-D plane as well as to get a
much larger signal to noise ratio compared to only interacting with e.g. a single antenna.

Fig. 6.1(a) outlines how the electric field in an antenna gap (1) leads to electron
emission directly into the DP (2). Emitted electrons are subsequently accelerated inside
the DP via the Lorentz force F. We shall henceforth refer to the entire process as electron
injection. Our goal is to examine if the emission takes place and if the acceleration is
large enough for electrons to gain appreciable energies that can be measured.

Figure 6.1: Outline of the experimental setup. a) A 3-step model of the basic idea. 1: The incident
THz field sets up a much stronger field in the antenna gap. This is seen in side view with the
enhanced field indicated by dashed field lines. 2: The field drives electrons to one of the tips
and emits some of them directly into the DP on top. 3: Emitted electrons are accelerated via the
Lorentz force F in the field inside the DP. b) Perspective view of the system. The incident THz
transient hits a plurality of antennas at the same time.
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6.2 | Our first model system

Let us initially zoom out to look at the bigger picture regarding general chemical sys-
tems that are suitable for showing the electron injection. The requirements for a suitable
test system are listed below.

� The system should exclusively respond to the electron injection and not the strong
electric field itself. This excludes most crystalline systems with preferred crystal
directions that might undergo different non-linear perturbations in strong field
conditions [106, 50]. Such perturbations might be difficult to distinguish from
a possible electron injection response and is therefore unwanted. Our preferred
system is therefore amorphous.

� The system cannot influence the THz electric field in any significant or unknown
way. It could e.g. be challenging to use polar molecules in a gaseous or liquid form
(e.g. water) as these will attenuate the THz electric field in a frequency-dependent
way and hence possibly distort the time waveform significantly from the free-
space waveform.

� We should be able to observe the influence of the electrons on the system. This
leads to two distinct subcategories:

– The system responds in a way that is directly observable. This includes the
emission of light, sound waves or the like. It could also be a permanent re-
configuration of the system that can then be investigated after the THz ex-
posure in a directly observable way (like an optical- or electron microscope).
This will be demonstrated in Fig. 6.2.

– The system responds in a way that is indirectly observable. Such response
could be observed using an optical or electron probe pulse. One central chal-
lenge with indirect observation is that the system needs to be engineered in a
way that allows both the THz and the probe signal to enter and exit.

� The system must be one for which there is an established theory for explaining its
response to free electrons. The theory should at least allow us to make a sensible
fit to some observed system response. In an even better case, the theory should be
able make a pure model prediction that matches the observed system response.

We note that the above-mentioned requirements do not imply that one cannot inject
electrons into systems that do not conform to said requirements. They simply state that
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for the purpose of documenting that electrons can in fact be injected into a system, one
has to pick an initial model system carefully.

The first step was to engage with a model system that we knew how to handle in prac-
tice. The idea, courtesy of Krzysztof Iwaszczuk, was to spin coat a metasurface with
an electron-sensitive polymer compound. Such compound is used in electron beam (e-
beam) lithography as the resist material. In this case, we spin coated the metasurface
with CSAR 6200.18, which is a positive resist. The spin coating was done at 6000 rpm
for 60 seconds followed by a post-bake of 60 seconds at 200◦C. This yielded an e-beam
resist thickness of approximately 210 nm. The sample was then exposed to high-field
THz for 12 hours. Subsequently, resist development was done in AR-600-546 and IPA.
For a positive resist, the development removes the resist in places where electron ex-
posure has caused it to decompose into a product that is soluble in the developer. The
ultimate step was to inspect the result in a microscope to see if the antennas had in fact
emitted electrons into the resist in a way that would result in chemical decomposition.

In Fig. 6.2, the result from a SEM inspection is shown. These observations were
first made in an optical microscope with the same result, albeit with less magnification.
This is important to note since a prolonged SEM inspection time tends to ruin a resist-
coated sample because of heavy electron exposure from the SEM e-beam - even without
subsequent resist development. The SEM inspection was therefore not only carried out
as the last inspection step, but the inspection of the particular THz-irradiated spot was
done in less than 1 minute.

Fig. 6.2(a) shows a clear contrast between the THz-illuminated area and the sur-
rounding area. In fact, it beautifully maps out the mode profile of the THz beam with a
larger effect in the beam center compared to the rim. Bright colors show places where
the e-beam resist has been removed in the developer. The image is taken with secondary
electron backscattering at an angle from the surface normal, with 5 keV incident energy.
This means that the observed backscattered signal primarily originates from electrons
that have penetrated several atomic layers into the target with the result of being scat-
tered out of the sample at some random angle. Bright colors therefore indicate that the
sample has good back-scattering properties while dimmer colors indicate that the sam-
ple absorbs the incident electrons to a much larger degree. It seems almost intuitive that
the latter is the case for the remaining e-beam resist, which is specifically engineered for
receiving electrons without any significant backscattering.

In Fig. 6.2(d), a magnified image of a single antenna sitting at the beam rim is shown.
The heart-shaped resist exposure does not exactly follow the electric field lines simu-
lated in Section 4.3, thus suggesting that the effect does not - at least entirely - stem from
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Figure 6.2: Electron injection into e-beam resist. a) SEM image of the resist-covered metasurface
after 12 hours of THz illumination and subsequent development. Bright spots indicate where
the resist has been removed in the development due to electron exposure. c) Close-up of a single
antenna imaged by electrons that are backscattered normal to the surface. c) Close-up of the
tip region. d) Close-up of another antenna imaged by electrons that are backscattered at an
angle. e) CST PS simulation of the electron emission from a dSRR antenna at a snapshot in time.
Experiment and SEM images courtesy of Thea Maria Bjørk Kristensen.

the electric field. In Fig. 6.2(e), we have simulated the electron emission pattern in vac-
uum and taken a snapshot of electrons located 500 nm above the antenna top surface
at a point in simulation time when the electron distribution resembles that of the resist
exposure to a very good degree. The resemblance suggests that the observed pattern
does come from electron exposure. In fact, it comes from very high electron exposure
numbers - called dose - compared to what the e-beam resist is designed to be operated
with. A calculation of the total 12-hour dose for antennas in the beam center shows that
Q12h ≈ 1010 C/cm3. In comparison, CSAR resist is designed to receive doses in the order
of Q ≈ 10−4 C/cm3, which is 14 orders of magnitude below the THz-induced dose.

Due to the extreme dose, the e-beam resist has probably undergone significant de-
composition during the THz exposure. This has enabled electrons to move farther and
farther away from their emission points over the 12 hour time course. Hence, the ob-
served dose accumulation looks much larger in the beam center. As electrons move
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around in the resist, they acquire random velocities from different scattering events.
This is the reason why bright spots in the beam center look increasingly circular com-
pared to spots from the rim. The latter map electron trajectories that have not been able
to move very far from their emission points. Hence, they are mainly controlled by the
Lorentz force in the electric field as simulated in vacuum.

In Fig. 6.2(b), we have taken an image of an antenna from the beam center, but
observed backscattered electrons directly normal to the surface. This method is sensitive
to the top atomic layers and materials that are particularly electron-absorbing - such as
the resist - show up as black dots in a randomly distributed pattern. The close-up in
Fig. 6.2(c) reveals details of even smaller bubble-like structures as well as a prominent
ripple-like wave pattern in the radial direction when moving away from the emission
tip. These are all effects that hint towards a discrete electron emission rather than a
continuous electric field effect.

6.3 | Our final model system

The main problem with our first model system was our lack of a quantitative explana-
tion of the observed results. This led to repeatedly raised questions from the scientific
community regarding whether the effect could still stem from the electric field itself as
either a pure field effect or a heat-deposit effect that would slowly melt the resist poly-
mer. In light of these arguments, we needed a new system where we could observe and
describe the electron injection in a way that did not rely on long-term THz exposure.

The solution, as outlined in Fig. 6.3, was to apply a DP containing a scintillator
on top of a metasurface. Scintillators are widely used for optical detection of high-
energy particles in the form of light (X-rays, gamma rays, etc) as well as particles with
mass (alpha and beta particles, high-energy electrons, protons and neutrons, etc) [107].
As the name suggests, scintillators emit light in response to incident particles and for
their practical usefulness, they are engineered to emit light within a frequency band
that can usually be detected by standard light detectors such as CCD/CMOS cameras,
photomultiplier tubes, avalanche photodiodes or the like.

The wide range of scintillator applications originates from the fact that the scin-
tillating mechanism is enabled by a luminescence process inside the scintillator. If a
high-energy photon beam is incident on a scintillator, it deposits energy throughout the
scintillating compound. The energy is deposited as excitations and ionizations where
secondary electrons may further undergo multiple Coloumb scattering in the scintilla-
tor. A low-energy photon (e.g. a visible photon) is emitted from a part of the subsequent
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Figure 6.3: Outline of the idea behind using a scintillator for electron detection. Steps 1, 2 and
3 are identical to those shown in Fig. 6.1. In a fourth step, after initially being accelerated in
the THz electric field, emitted electrons interact with the scintillating molecules and thereby
drive luminescence (illustrated with a blue arrow). This luminescence is wavelength shifted by
another molecule to allow it to escape the polymer compound.

scattering events inside the scintillator via luminescence. If a charged particle is incident
on the scintillator, it starts the scintillation process immediately while causing excitation
of bound electrons in the process too. The latter then contributes to additional lumines-
cence.

Generally speaking, a scintillator is a way of converting absorbed energy into optical
photons. Additionally, it has the advantage that scattering of massive particles inside
a system can be modelled by e.g. MC simulations. By doing so, we could have a way
of quantitatively relating the electron emission from the FN equation to the amount of
scintillator light that we could experimentally observe - possibly without any fitting
parameters. An additional feature of such a system is that one can subsequently gain
information from the MC simulations about the behavior of emitted electrons as they
move around inside the scintillator. Such information e.g. includes movement range,
energy and spatial distribution at any time after the emission.

Scintillating materials can either be inorganic or organic. Inorganic scintillators typ-
ically have a crystalline structure where the light emitting properties are achieved by
doping the crystalline material with one or more dopants in trace amounts. Organic
scintillators on the other hand, are dye-doped polymers known as plastic scintillators
that are typically amorphous in structure. This property is most convenient for facile
coating, like drop casting, of the THz antenna chips.

Unfortunately, not all scattering events inside a scintillator are radiative and plastic scin-
tillators typically only convert a few percent of the absorbed ionizing radiation into op-
tical photons, whilst most energy is lost via thermal collisions between the molecules.

89



Chapter 6. Towards electron-initiated femtochemistry 6.3. Our final model system

Figure 6.4: Absorption and emission spectra for perylene. These spectra courtesy of Dr. Lars
Lindvold, DTU Health Tech.

Commercial scintillators are generally developed for detection of particles above keV
energies due to the low conversion of dose into photons. However, as shown in Section
5.3, our electron energies only reside between 1 - 400 eV for which available scintilla-
tors are very inefficient. The issue meant that we had to engineer our own DP with a
scintillator.

Chemical name Function Amount Density
[g/mL]

Formula

Pentaerythritol tetraacrylate Monomer 1 4 mL 1.19 (H2C=CHCO2CH2)4C
Tetrahydrofurfuryl acrylate Monomer 2 1 mL 1.064 C8H12O3
Benzyl methacrylate Monomer 3 +

Scintillator
1 mL 1.04 H2C=C(CH3)CO2CH2C6H5

2-Hydroxy-2-
methylpropiophenone

Photoinitiator
1

0.25 mL C6H5COC(CH3)2OH

Diphenyl(2,4,6-
trimethylbenzoyl)phosphine
oxide

Photoinitiator
2

0.25 gr (CH3)3C6H2COP(O)(C6H5)2

Perylene Wavelength
shifter

2.5 mg C20H12

Table 6.1: Light curable scintillating polymer material developed by Dr. Lars Lindvold, DTU
Health Tech.

The constituents of the final DP with scintillator can be found in Table 6.1. It consists of
six different chemicals with different purposes. Monomers 1 and 2 constitute the bulk of
the DP, which - in the language of radiation chemistry - is called the matrix. The matrix
polymers are chosen specifically for our purpose and constitute an acrylate. Monomer
1 provides mechanical stability to the photopolymerized dielectric material, whereas
monomer 2 facilitates adhesion to the surface of the chip. Monomer 3 acts as solvent
for the wavelength shifter perylene and as the primary scintillator called the activator.
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Our specific activator is commonly used in plastic scintillators [108]. Monomer 1 and
2 can be cured by UV light around 360 - 400 nm. Before photopolymerization, the DP
is a liquid solution that can be dropcast onto the metasurface. The reason for using a
wavelength shifter is that the emission and absorption spectra for monomer 3 largely
coincide such that scintillating photons will be re-absorbed before leaving the matrix.
In contrast, the absorption and emission for perylene are separated as shown in Fig. 6.4,
where the absorption spectrum largely coincides with the emission from monomer 3.
By shifting to longer wavelength, the scintillating light will be able to exit the matrix.

One of the most central points to note from Table 6.1 is that all constituents have den-
sities that are fairly close to liquid water. It is this density that determines the amount of
scattering events that the injected electrons undergo. For this reason, our chemical sys-
tem can be modelled as water, although without the THz attenuation that liquid water
would provide. The amount of radiative scattering events will then be determined from
the relative concentration of monomer 3.

Given the fact that an electrical field is applied to the DP along with the electron
injection, it is tempting to speculate about the possibility of observing electrolumines-
cence caused purely by applying this electrical field. To achieve this effect however, one
primarily needs a cathode made from a material with low work function to inject elec-
trons into the light-emitting polymer film. In addition, one needs an anode (typically
ITO) to inject holes into the said polymer film. This, in effect, causes electron-hole pair
recombination in the film and thus causing light-emission. Since the proposed model
system in Fig. 6.1 does not possess these features, observation of electroluminescence
can be ruled out for this geometry. For a more detailed explanation, see [109, 110].

6.4 | Experimental results

The experimental setup is shown in Fig. 6.5(a). The incident THz beam is focused on
to the front side of the sample, which makes up the end wall in a light shielding tube.
A CCD camera sits at the other end of the light shielding with a 20x microscope ob-
jective mounted on it. The camera we used was a Lumenera INFINITY3-3URM with
a monochrome CCD. The metasurface antennas were those presented in Section 4.3, as
shown in Fig. 6.5(b). In Fig. 6.5(c), the final sample with the scintillating DP is shown
whilst being cured with UV light, which means that the blue light emission comes from
fluorescence. We observe that the scintillating layer shows good surface coverage. How-
ever, since it was dropcast on a small surface and not spin coated, the layer thickness is
not constant over the entire surface. We did not measure the exact thickness, but com-
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paring it to the HR-Si substrate thickness of 525 μm by eye, it was in the order of 50-100
μm thick.

Figure 6.5: Outline of the experimental imaging setup and the sample. a) Incident THz light
is focused in to the metasurface. The emitted scintillator light is collected by a 20× microscope
objective and a CCD camera. b) An optical microscope image of the dSRR antennas. c) Fluores-
cence image of the metasurface with DP on top. The blue light is λ = 395 nm, which is used for
curing. Fluorescence image courtesy of Dr. Lars Lindvold, DTU Health Tech.

The image that was recorded with the camera is shown in Fig. 6.6(a-c) in the orig-
inal, zoomed and log-plot version of said zoom. The color scale has been added, since
the original image was graytone. The camera integrated over 1400 THz pulses (1.4 sec-
onds) and had contrast and brightness set to the optimal settings. All non-linear image
parameters were set to 1 to avoid introducing any non-linear scaling of the recorded
intensity distribution.

The scintillator light emission shows an image of the THz beam profile, much like
that shown in the e-beam resist earlier. The beam was focused with a 2-inch OAP mirror
to have peak field strength of 300 kV/cm. Since we do not know the mapping from
electron to light emission, we cannot put any quantitative interpretation to this image
yet. We do, however, observe that the emitted light comes from the antennas, with
the strongest light emission coming from the THz beam center. Fig. 6.6(c) in particular
shows that the light spots have a general tendency to be elliptical with the most common
main axis lying in the horizontal direction of the image. The dim, light-blue lines that
run between the light emission spots constitute background noise that is de-coupled
from the detected light.

Although the images provide sound evidence of the fact that the light emission in-
deed comes from volumes around the antenna centers, it does not provide any field
dependent information in itself. Such dependence could be retrieved by recording the
drop in light emission when observing antennas from the center of the beam spot and
moving towards the rim, but that would both require knowledge of the clean THz beam
intensity distribution itself as well as its alignment to the antennas. Instead, we changed
the experimental setup to that shown in Fig. 6.7. Here, the incident THz beam was
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Figure 6.6: Experimentally recorded image of the scintillator light. a) Shows the original image
in its full form. Color scale has been added since the original image was graytone. b) A zoom
of the center of the beam spot on a linear scale. c) The same zoom, but showed on a logarithmic
color scale.

passed through two wiregrid polarizers before hitting the sample. By tuning the rela-
tive angle between the wiregrid polarizers, we could attenuate the THz electric field to
any arbitrary value. The sample was then mounted a few mm from a photomultiplier
tube (PMT). We used a PMT from Hamamatsu Photonics of the type H10722-20. The
PMT was connected to a boxcar integrator and subsequently a lock-in amplifier and a
computer. In this way, we could obtain a very good signal-to-noise ratio.

Figure 6.7: Outline of the experiment to record the scintillation amplitude dependence on the
incident electric field.

The originally recorded data is shown in Fig. 6.8(a). The PMT signal (y-axis) as
well as the electric field (x-axis) has been normalized to 1 for simplicity. The non-zero
background signal comes from a small hole in the light shielding. We have quantified
this background signal as the mean of the last 6 data points, which are marked in black.
In Fig. 6.8(b), we have subtracted the background and re-normalized the data. We
observe that the light emission seems to follow the electric field as ∝ E6.3. The flattening
of the data at highest field strengths looks like a saturation behavior.

As initially observed in the work described in Chapter 5, this phenomenon has re-
appeared throughout the experiments making up the body of this work. In Chapter 5
we observed that a similar FE saturation appeared for Au and graphene measured in
vacuum. A more thorough investigation of this phenomenon is required for its eluci-
dation which lies beyond the scope of the work described herein. To this end, we shall
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proceed to treat the non-saturated data region only.

Figure 6.8: Measured data on the scintillation amplitude as a function of the incident electric
field. a) The original measurements on a linear scale. The six last points are marked as the
background. b) Same image as a, but on a log-log scale with the background subtracted and the
data re-normalized. c) FN plot of the data from b. d) FN fit to the data using the work function
retrieved from c.

In Fig. 6.8(c), we have used the data that intersects the dashed line in Fig. 6.8(b)
to create a FN plot. To estimate the electric field inside the DP, we found that the vast
majority of plastics have a refractive index around 1.5 in the THz frequency region. This
leads to an increase in relative permittivity - and therefore electric field strength - of
1.52 = 2.25 compared to free-space. Combined with the Fresnel loss, we estimate that
the un-attenuated peak electric field at the emission tips is Etip = ETHz · β · 2.25 · 0.7 =

6.2 · 109 V/m. Without antennas, the incident field in the matrix would be Eincident =

ETHz · 2.25 · 0.7 = 473 kV/cm.

Using this value for Etip, we find from Fig. 6.8(c) that the effective work function is
Φ = 1.46 eV. We note however, that the data in the FN plot does not make a straight
line. In fact, it has a curved trend for all values of 1/E > 2 · 10−10. Smaller values for
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Figure 6.9: Simulated electron emission from four hot spots as a function of time for k = 1. The
inset is identical to Fig. 4.7(b) and is used to show the four hot spots with corresponding legends
in the top left.

1/E show the saturation behavior and hence have no meaningful interpretation in the
FN plot.

In Fig. 6.8(d), the resulting FN fit has been plotted (red). The experimental data has
been scaled to best fit the red curve with a least square method. We confirm here that
there is a slight, but consistent, deviation of the data from the fit. In the autocorrelation
experiments from Section 5.3, we saw how our electron detection efficiency was depen-
dent on the incident field strength because a lot of electrons simply did not go to the
detector. In this case, we do not have any such loss of electrons that could potentially
influence the FN plot. Additionally, as we shall see later in Chapter 7, if electrons are
emitted into a gas, the resulting light emission does indeed follow a FN emission curve;
this has also previously been demonstrated [28]. The consistent deviation that we see
here might therefore be our key to argue that we have indeed injected and accelerated
electrons directly into our scintillating DP, which might not respond linearly to this in-
jection.

As mentioned earlier, one of the benefits of using a DP scintillator is that its response to
ionizing radiation can in many cases be modelled using e.g. MC simulations. In order
to do so, we set up the following work flow:

1 We simulated the field enhancement in vacuum for the dSRR. This was shown in
Section 4.3.
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2 We recorded the field enhancement in time at the four hotspots. These are found
in the inset in Fig. 6.9, which is the same figure as Fig. 4.7(b).

3 We used these four time traces to calculate the FN emission current density. Hotspots
1, 3 and 4 were treated as a half cylinder with r = 1.5 μm and h = 200 nm. Hotspot
2 included the entire flat side with l = 13.38 μm and h = 200 nm. We recognize
that there is a slight variation of the field strength along the emission curvatures
that we do not take into account in this way. The electric field at the tips was -
as previously mentioned - Etip = 300 kV/cm · β · 2.25 · 0.7. The emission current
densities can be compared in Fig. 6.9.

4 The simulated fields and the electron emission were subsequently used as inputs
to the MC particle transportation toolkit GEANT4 [111]. The use of the Livermore
physics list supports electron transport above 10 eV, where particles below that
energy threshold are stopped. As noted earlier, the plastic scintillator was cast
to be water-equivalent which enables the simulation of electron interactions in
water where the tabulated scattering cross sections are more accurate for sub-keV
energies. The electrons are emitted isotropically from each of the four hot spot
areas with an initial energy randomly sampled between 10 eV to 11 eV to avoid
electrons following identical trajectories. The number of electrons emitted from
each hot spot is estimated from Eq. (6.1) below. All MC simulations are courtesy
of Dr. Jeppe Brage Christensen, DTU Nutech.

5 At each point in time, electrons are introduced individually and tracked around
in the field until all primary and secondary particles have moved beyond a pre-
defined volume encompassing the antenna itself or are stopped in the scintillating
DP for energies below 10 eV. This means that the MC simulations do not include
space charge effects and the field is assumed time-invariant during the movement
of each electron.

6 For each scattering event, the MC code determines whether it is radiative or non-
radiative. It also includes the option for secondary electrons to be liberated, which
participate in the radiative emission cascade. Radiative events are treated without
re-absorption, based on the assumption that the wavelength shifter is homoge-
neously distributed and at all times non-saturated. Since we do not know the
scintillating efficiency of our DP, we can only look at the relative increase in light
emission as a function of increasing field strength.
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7 When we vary the electric field, we scale the tunnel current density determined in
Fig. 6.9 as

ΔJ(E + ΔE, Φ)

J(E, Φ)
= k2 · exp

[
bΦ3/2

E

(
1 − 1

k

)]
, k =

E + ΔE
E

, (6.1)

where k should be interpreted as the field relative to the previously assumed peak
field inside the polymer of Eincident = 473 kV/cm. In other words, k = 1 →
Eincident = 473 kV/cm.

8 For each value of k, all electron steps, number of emitted optical photons, kinetic
energies, and energy depositions were scored. This is the basis for retrieving in-
formation about the system.

Since the work function Φ was not reliably determined from the FN plot, we instead
tried to scan a range of work functions for our MC simulations. For each value of Φ,
we recorded the total light emission for k ∈ [0.4; 3]. This is plotted in Fig. 6.10(a) and as
a closeup to the highest k-values in Fig. 6.10(b). Curiously, we observe that all values
for Φ lead to a situation where the light emission can be approximated by a power
function for high k-values, where the power is uniquely correlated to the choice of Φ.
Powers are indicated in the legend in Fig. 6.10(b). In Fig. 6.10(c), we have shown this
correlation. The trend does not follow any exact analytical form, which is expected since
it originated purely from numerical MC simulations.

Figure 6.10: Power fits to MC simulated data for different work functions. a) Light emission
data for a range of different work functions that are indicated in the top legend. Fitted power
functions are added on top. b) Same graph as in a, but zoomed in on the highest k-values where
the power fit is best. The individual slopes are indicated in the legend. c) The k-powers versus
work functions. The red, dashed lines indicate the choice of effective work function based on
the power 6.3.

97



Chapter 6. Towards electron-initiated femtochemistry 6.4. Experimental results

We observed in Fig. 6.8(b) how our experimental data closely followed a power law
with a power of 6.3. Therefore, in this step, we fit the experimental data by choosing
the effective work function Φ = 1.87 eV that corresponds to a 6.3-power in the MC
simulations. Then, we re-ran the MC simulation with the choice of Φ. The resulting
field-dependence (expressed in terms of k) is shown in Fig. 6.11. Recall that since we do
not know the scintillation efficiency, we can only observe the difference in general trend
between the electron and photon emission. We have therefore chosen to normalize both
graphs to 1 at k = 4. Afterwards, we found the best fit between the experimental data
and the MC-simulated emission by scaling the experimental data linearly in both field
and emission strength. The bigger picture can be found in Fig. 6.11(a) and a close-up of
the fitted data section can be found in Fig. 6.11(b).

Figure 6.11: Fit of measured data to the MC-simulated light emission. a) shows k on the entire
simulation scale. The on-sets of electron emission (blue) and measurable light emission (red)
can be compared on the k-axis. Both the MC and FN data are normalized to 1 at k = 4 and their
respective amplitudes can therefore not be compared. b) a zoom of the highest k-values with the
measured data scaled linearly to fit the MC trend optimally.

Although the difference between MC (red) and FN (blue) seems small in Fig. 6.11(b), we
should remember that the FN plot in Fig. 6.8(c) has already shown that the FN function
will never fit the data perfectly. The MC graph, on the other hand, gives an almost
perfect fit. This fit is however only valid for k ∈ [1.5; 4], which means that the electric
field in the DP is up to 4 times higher than we assumed. This could potentially be true
if the vast majority of electrons deposit their energy in the DP very close to the emission
surfaces. Here, we know that the field enhancement is potentially much higher than
what we simulate due to nano-structured surface variations like those shown in Section
5.3.

To test this hypothesis, we created a dose map showing where in the simulation
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Figure 6.12: Dose map for k = 3.05. a) is on a linear scale, whereas b) is on a logarithmic scale.

domain around the antenna center electrons deposit their energy. This is shown in Fig.
6.12 for k = 3.05. Fig. 6.12(a) has a linear scale, whereas Fig. 6.12(b) has a logarithmic
scale. The dose is calculated in the 3-D volume and then projected into the plane that is
tangent to the substrate surface.

Fig. 6.12 shows that the main energy deposition does in fact happen within the first
∼ 1 μm away from the electron emission point, thus corroborating that k could have
attained larger values than 1 in our experiments. The asymmetry in the dose profile -
which is best observed in Fig. 6.12(b) - shows the asymmetry in the electric field that
stems from the different geometry of the two sides of the dSRR design.

Figure 6.13: MC-simulated light emission profiles for two k-values at two different heights above
the metasurface. a+b) show the expansion of a circular emission profile when moving from 3 to
6 μm above the metasurface, at k = 1. c+d) show the expansion of an elliptical profile for k = 3.
All images share the same linear color scale.

Next, in Fig. 6.13, we have simulated the light emission for k = 1 and k = 3 in the two
heights 3 μm and 6 μm above the metasurface (where the antenna is only 200 nm tall).
For k = 1 in Fig. 6.13(a) and 6.13(b), we observe in both heights that the emission is
circular and expanding in size. It originates from a very small volume below the center
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of the picture, which means that it comes from the I-tip where the field enhancement is
largest. For k = 3 in Fig. 6.13(c) and 6.13(d), the main emission has switched to come
from the T-tip. This is due to the fact that the T-tip has a larger emission area than the T-
tip combined with the fact that the relative increase in electron emission decreases with
increasing field. Thus, at some increasing field strength, the T-tip "catches up" with the
I-tip due to its larger emission area. This result will be elaborated to a larger degree in
Chapter 7, where the image in Fig. 6.13(c) will be experimentally observed in gas.

Since the light emission is isotropic, the image in Fig. 6.13(c) develops into an ellip-
tical shape in Fig. 6.13(d) at increased height from the emission points. Such elliptical
shape is also found for most of the observed spots in the experiment in Fig. 6.6, thus
corroborating the idea that k is larger in the DP than what we assumed initially.

Finally, we shall utilize the power of our MC simulations to extract information about
the electron-scintillator interactions. These interactions are shown in Fig. 6.14. On top of
the graphs, we have shown the I-tip and T-tip in side view and top view. The extension
of the T-tips in the top view has been shortened for better overview. The vertical black
lines in the graphs indicate the I-tip position and the extension of the T-tip width. The
vertical dashed line approximates the distance from the long, flat side of the T-tip over
which the electron emission from the T-tip extends. This can be seen in the dose map in
Fig. 6.12(b).

For each value of k and subsequently each time step for a given k, we simulated
107 electron trajectories. Afterwards, the obtained results were weighted by the relative
amount of FE-injected electrons that Eq. (6.1) predicts. For a given k, the result for all
time steps were summed up and projected on to the 1-D y-axis that runs along the I-
and T-tip direction in the dSRR antenna. This procedure produced the graphs in Fig.
6.14.

Fig. 6.14(c) shows the fluence. This is calculated as the number of electrons times
their average path length within a voxel, divided by the volume of the voxel. The path
length is only calculated between scattering events, which can introduce an artefact if
many electrons pass through a given voxel without scattering (e.g. if their kinetic energy
is very large). Such artefact is seen in Fig. 6.14(c) close to y = −2.5 μm, where smaller
k-values lead to larger fluence while at the same time smaller emission numbers; this is
the opposite behavior to what the FN emission model predicts. In this region the graph
trends are correct, but their relative amplitudes cannot be compared directly.

By following the fluence through the gap region (−2.5 → 2.5 μm), we see that it
drops faster for small k-values than for larger k-values. This shows that slower electrons
are stopped sooner than faster electrons and that increasing k leads to an increase in the
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Figure 6.14: MC-simulated fluence, average fluence energy and average kinetic energy of emit-
ted electrons at various k-values. Solid vertical lines mark the I-tip position and the extension
of the T-tip width and the dashed line indicated the approximate range where T-tip-emitted
electrons exist. The top antenna sketches are geometrically distorted to better show the tips. a)
shows the average kinetic energy. b) shows the average fluence energy on an eV/μm2 scale. c)
shows the fluence. The absolute amplitudes of the graphs for different k-values are only compa-
rable in a.

electron energy. The fluence increases rapidly when entering the T-tip emission area,
where primarily electrons emitted from the long side of the T-tip exist, but are stopped
quickly due to low energies. Moving to y-values above 2.5 μm starts to complicate
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the picture, since the projection includes emission from both T-tip ends too. This region
does not supply any fundamentally new information, so we shall not be concerned with
it.

Fig. 6.14(b) shows the average fluence energy, which is the fluence weighted kinetic
energy of electrons. We observe that the artefact from Fig. 6.14(c) has been carried
over to this graph too, such that the absolute scale of the graphs are not comparable.
Generally, we observe that the fluence averaged kinetic energy increases across the gap
for k = 3 and k = 4. This indicates that electrons are continuously accelerated in the
electric field such that only the fastest electrons reach deep into the gap. We observe that
for k = 0.5, there is almost no electrons with any appreciable energy. This is compatible
with the fit that we found for the largest k-values in Fig. 6.11.

Fig. 6.14(a) comes from the division of Fig. 6.14(b) with Fig. 6.14(c). Therefore, the
scattering event artefact disappears, and graphs become comparable in amplitude. In
the left side of the figure, the average kinetic energy increases drastically. This is due to
the negligible fluence, which means that this energy is represented only by one or a few
electrons. A comparison to the dose map in Fig. 6.12(b) reveals that these electrons do
not represent any significant dose.

Inside the gap, the average kinetic energy increases steadily until the beginning of
the T-tip emission region. Around this point (the dashed line), it looks like the electrons
suddenly stop; this is not the case though. The reason is that the fluence of low-energy
electrons from the T-tip increases heavily in this region, which has a large effect on the
average energy. Moreover, the increase in average kinetic energy throughout the gap is
a combination of continuous electron acceleration and the fact that low-energy electrons
are continuously stopped. This means that the low-energy tail of the energy distribution
decreases for increasing y-values, thus pushing the average energy up.

The above analysis shows how we can control the kinetic energy of emitted electrons
with the THz field strength. For all values of k, the minimum kinetic energy of those
electrons that represent a significant fluence is ∼ 100 eV - electrons with lower ener-
gies scatter very soon after emission and are stopped before reaching more pronounced
energies. We note that the spatial energy gradient that we observe in the gap can in prin-
ciple be used to expose the chemical sample to a continuum of electron energies with a
single electron bunch. We also observe that for the THz field strengths that are obtain-
able in our table-top system, we can reach energies in the interval Ekin ∈ [100; 600] eV.
Since our k-values might only be realistic close to the emission surfaces, the peak of this
energy range should be questioned. However, the general trend in energy variation as
a function of spatial coordinate should still be valid. Moreover, the order of magnitude
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of electron energies should be more than enough to initiate a vast amount of different
chemical reactions.

6.5 | Conclusion

In this chapter, we have demonstrated a novel way to inject electrons directly into a
dielectric - a dye-doped polymer - material (DP) using ultrafast THz-driven electron
field emission. The technique is based on applying the DP on top of a metasurface,
which is illuminated from the substrate side by high-field THz pulses. Due to their
low photon energy, the individual THz photons do to interact with the DP. Moreover,
due to the amorphous arrangement of the DP, the high electric field will not induce any
field-driven chemical processes and any reaction from this system is due to the electron
injection itself.

We have demonstrated that we can use the electron injection to break up polymer
bonds in an e-beam resist and visualize it by simple development and SEM inspection.
Since we illuminate a multitude of antennas with the THz beam, we can generate a 2-D
beam profile image that represents the peak electric field distribution rather than the
average power of the THz pulses. This profile allows us to inspect antennas that have
been subject to both low and high fields. The former resembles the electron emission
seen in vacuum, whereas the latter has evolved to an isotropic shape. This difference
of pattern geometry strongly suggests that we have been able to inject electrons directly
from the metal tips into the DP.

We have subsequently demonstrated how to use a DP scintillator to visualize the
same effect in a non-accumulative way. This allowed us to investigate the scintillation
amplitude A as a function of a varying THz electric field, which closely followed A ∝
E6.3

THz. We used MC-based numerical simulations to model the system, which yielded
the same power dependency. We used the MC tool GEANT4 in combination with CST
MWS for the analysis. By using these tools, we found good agreement between the
experimentally recorded and MC-simulated light emission spot sizes and shapes. This
led us to conclude that we have definitively demonstrated the direct electron injection
from metal to DP.

Following this, we extracted the fluence and average kinetic energy of the emit-
ted electrons. This showed that electrons gradually give off their energy when moving
away from their emission points. The farther an electron moves, the more kinetic en-
ergy it acquires from the electric field. Therefore, this technique inherently creates an
ultrafast electron source with a broad energy spectrum that is spatially distributed in a
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controllable way through a sample. The simulated energies reside between 100 eV and
600 eV, where the high energy tail should be questioned due to a possible larger field
confinement around the emission tips than what is predicted by CST MWS. If smaller
energies are required, one has to place the sample very close to the emission points. We
do not however have any quantitative information on this energy region due to lim-
ited spatial resolution of our simulations. In principle - with better resolution - we can
resolve energies down to 10 eV using the Livermore package.

The next steps in this endeavour will be to perform an ultrafast pump-probe exper-
iment using the electron injection as a pump to initiate a chemical reaction that can be
optically probed on a fs time scale. If successful, this technique could be a potential plat-
form to push ultrafast pulse radiolysis into a new time resolution regime, based on our
finding in Chapter 5 that field emitted electron bunches are shorter than the oscillation
period of the driving THz field. Additionally, the technique could enable ultrafast pulse
radiolysis studies using just a tabletop system, thus making it accessible to a general
scientific audience.
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Light detection using metasurfaces
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7

Polarity-sensitive terahertz beam
profiling

We shall start this chapter by appreciating the 2-D THz beam profile that we were able to
image using a dielectric polymer (DP) matrix system in Chapter 6. Such type of image,
i.e. a THz beam profiling that is sensitive to at least a factor of the peak electric field, has
already been demonstrated by emitting electrons directly into nitrogen and recording
the resulting light emission [28]. This has enabled a new way of making focal plane
array (FPA) THz detection suitable for high-power THz systems. The technique was
pioneered in our research group by Krzysztof Iwaszczuk and Peter Uhd Jepsen in 2014
[112] and further developed into a practical device during this PhD. The work on this
device has been written up in the manuscript Ultrafast field-driven electron emission for
polarity-sensitive terahertz beam profiling, which is listed in Section 10.1.

The main part of this chapter is based on said manuscript. Here, we demonstrate
how to use our dSRR-based metasurface to make 2-D beam profiling images of THz
transients by injecting electrons directly into argon gas. The injection leads to a local
plasma generation around the emission point with a glow discharge in the visible range,
which we record using a commercial CCD camera. We will demonstrate that - due to
the large tunnel current density that we can obtain from our antennas - this method
can be used for imaging of individual THz transients. More importantly, we will use
the combination of the geometrical asymmetry of the dSRR antenna with the THz field
asymmetry in time to record images that are sensitive to the absolute THz field polarity.
This imaging technique is the first of its kind and it is the first step towards an entirely
new class of FPA field detectors that does not rely on a coherent detection scheme.

As a second part of this chapter, we shall introduce two new dSRR antennas: The
5.0 and 50 THz versions. They are both based on the original 0.5 THz dSRR, but scaled
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down by a factor of 10× and 100×, respectively. These antennas will be tested with
ultra-broadband 3-color air plasma pulses. This reveals both FE from the antennas and
high harmonic generation (HHG) from the HR-Si substrate. Both antennas will also
be tested in a mid-IR (MIR) source between 2.6 and 5.5 μm, which shows FE for all
wavelengths. Hence, we will demonstrate that beam-profiling based on FE is a potential
tool to use through the entire THz- and IR frequency range.

We briefly recapitulate some of the previously introduced content in the section be-
low, such that this chapter can be read almost stand-alone.

7.1 | Motivation

The motivation for this work originated from the increasing pace of research and emerg-
ing applications in the THz range, where the rapid profiling of more than the basic trans-
verse intensity profile of THz beams is becoming more and more relevant. A large class
of THz sources deliver quasi-single-cycle pulses with a very large bandwidth, where
the peak electric field and its absolute polarity plays a key role in the understanding of
physical processes such as THz generation from laser-driven plasmas [113], field-driven
electron emission [28, 1], HHG [114, 115], and nonlinear semiconductor dynamics [116].
The temporal shape of the electric field E(t) can be characterized by photoconductive
sampling [30], free-space electro-optic (EO) sampling [117] and air biased coherent de-
tection [113, 118], techniques which all rely on heterodyne optical sampling with a syn-
chronous femtosecond laser pulse with at least the same bandwidth as the THz field
[34]. The complete spatial profile E(x, y, z, t) can be characterized by similar techniques,
by raster scanning of a single-point detector [119] or EO sampling using a large-area
detection crystal [120], again with an ultrafast synchronized gate signal. Passive beam
profiling techniques for long wavelengths include pyroelectric, VOx microbolometer
and thermopile FPAs [45]. All these methods depend on thermal effects, and thus mea-
sure the temporally integrated intensity of the beams without providing information
about polarization or polarity of the THz field.

It has previously been demonstrated how metal-based metasurfaces can be used
to visualize the electric field of high-power THz transients by means of field enhance-
ment and subsequent non-linear effects like FE, electromigration, material breakdown
and THz-induced photoluminescence [36, 100, 121]. It has also been demonstrated how
plasma discharge can be used for THz detection, although without any metasurface
implementation [122].

THz-driven FE by tunnelling can be a very effective process to liberate electrons.
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The effect has been used for ultrafast control of tunnel currents from nanostructures in
STM [13, 1] and on 2-D surfaces [23]. The incident electric field can be lifted into the
FE regime at MV/cm field strengths using metasurfaces with arrays of down-scaled,
generic resonant structures adapted from microwave research [97, 123, 124]. Moreover,
emitted electrons can produce visible or UV light by collision with gas molecules sur-
rounding the metasurface [28]. The functionality of such structures relies on the high
electrical conductivity of many metals (e.g. Au) which spans well into the MIR regime,
and the process should therefore be scalable in frequency at least until the inverse scat-
tering time of electrons in the metal. The scattering time of electrons in gold is in the
order of 10 fs, indicating an upper frequency limit at least 100 THz (3 μm free-space
wavelength).

7.2 | The beam profiling technique

Here we demonstrate how electrons driven by THz-induced FE from arrays of sub-
wavelength antenna structures can excite and ionize surrounding argon gas and use the
resulting glow discharge to map the cross-sectional peak electric field distribution of
THz field transients. An experimentally recorded image is shown in Fig. 7.1(f) and the
basic concept is illustrated in Fig. 7.1(a) and 7.1(e). Here, THz single-cycle pulses are
focused from the back side of a 525 μm-thick HR-Si substrate with 1 μm SiO2 thermally
grown on top (Fig. 7.1(b)). On top of the oxide layer, antenna structures (Ti-Au, 10-
200 nm) concentrate the field in a small central region, which is shown from a CST
simulation in Fig. 7.1(c). The electric nearfield at the metallic edges thereby reaches
values >2 orders of magnitude larger than that of the incident peak electric THz field,
which drives a tunnel current J from the antenna tips to free-space according to the
highly non-linear FN equation shown previously in Eq. (3.6). A close-up image of the
enhancement in the gap is shown in Fig. 7.1(d).

The emitted electrons subsequently undergo sub-cycle acceleration in the strong
nearfield and collide with nearby argon atoms, hereby creating a local microplasma
with a glow discharge that is recorded with a CMOS-based camera sensor. The argon
plasma glow discharge spectrum has been extensively described and primarily reside
in the NIR and red, where Si-based cameras are very sensitive [125, 126].

In Fig 7.2, we briefly revisit some of the results from Section 4.3. In the top plot of Fig
7.2(a), a generic, single cycle THz pulse with peak electric field of 100 kV/cm is depicted
along with the electrical currents that it induces in the antenna through the two cross-
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Figure 7.1: THz profiling technique. a) An incident THz beam is focused onto Au micro-antenna
structures through a HR-Si substrate with 1 μm SiO2 thermally grown on top. Electrons are field-
emitted from the antennas and create a local argon plasma around their emission points. The
light from the plasma glow discharge is focused on to a CMOS sensor to record a 2-D image of
the emission area. b) SEM micrograph of the micro-antenna array, corresponding to the rectan-
gular mark-up on a. Antennas are arranged in a periodic array with unit cell spacing (x ,y) =
(74 ,148) μm. c) Finite-element simulation of the local electric field distribution around an an-
tenna using a broadband THz pulse as the source. The electric field is concentrated in the central
asymmetric gap of the antenna. d) Close-up of the field distribution in the gap on a linear scale,
which shows that the field enhancement is largest around the antenna-air tip interfaces and
hence asymmetrically distributed. e) Cartoon of the THz driven FE. The strong THz-induced
local field (1) leads to tunnelling of electrons from the air-metal interface (2) and subsequent
acceleration (3). Collision with argon atoms followed by ionization and recombination (4) is
accompanied by emission of NIR, visible and near-UV light that can be detected by a standard
CMOS camera sensor. f) An experimentally obtained transverse mode profile of a THz beam.
Due to the non-linear nature of the FE process, the image shows the distribution of peak electric
THz field.

sections shown in Fig 7.2(b). In the bottom plot, the electric field enhancement β and
the corresponding electric field is depicted as recorded 5 nm away from the antenna-
vacuum interface above the I-tip and below the T-tip. The approximate location of the
two points are indicated on Fig 7.1(d). The maximum field enhancement in time for
the used THz pulse is β = 131.7. The purple, vertical lines indicate the three most pro-
nounced peaks in the electric field at a field polarity that enables only electron emission
from the I-tip. By following these lines to the top plot, one can see that they closely
correspond to situations where the current flow to the two tips is zero. This situation
is indicative of a resonant antenna behavior where the largest field enhancement on the
tip corresponds to the timing when the capacitive-like gap is charged with its maximum
electric charge.

In 7.2(b), we show an image of the surface current distribution at 6.4 when the elec-
tric field enhancement assumes its global maximum. Not only can it be seen that the
current flow to the tips is close to zero; it is also apparent that there is a chaotic cur-
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Figure 7.2: Simulations of currents and electric field enhancement at the antenna. a) Top: a
generic, single cycle THz pulse with peak electric field of 100 kV/cm induces currents towards
the I-tip and T-tip, which are recorded through the two cross-sections indicated in b. The ap-
proximate zero-points of both currents coincide with the electric field enhancement β (bottom
plot). This indicates a resonant behavior for the majority of the frequencies included in the
single-cycle pulse. b) Surface current map at 6.4 ps, where β assumes its global maximum. The
current flow to the tips is close to zero, which is indicated as small and sparse arrows. Larger
current magnitudes are indicated by bigger and more densely packed arrows and the illustration
is on a linear scale. c) Electric field enhancement spectrum at the I-tip, which shows a broadband
enhancement over the spectral content of the incident THz pulse from 0.1 to 1.2 THz.

rent flow with multiple nodes around the entire antenna structure, which would not
be the case for a single resonant antenna like an electric dipole. This flow originates
from the beating between the two main resonances pertaining to the two rings, which
collectively make up a broad enhancement spectrum at the I-tip as shown in 7.2(c). The
spectrum is obtained by the 30 ps long time domain simulation shown in Fig. 4.4 where
the evanescent ringing originating from the resonant behavior has died out. This par-
ticular antenna is suitable for short THz laser pulses with bandwidth between 0.1 and
1.2 THz. However, by simple geometrical scaling, this enhancement spectrum can be
moved to other parts of the IR frequency spectrum since noble metals – like Au – main-
tain excellent electrical conductivity properties all the way up into the NIR range.

Depending on the relative orientation of the asymmetric gap to the incident peak
field polarity, the maximum charge accumulation will happen either at the T- or I-tip.
The strength and spatial distribution of the FE associated with the charge accumulation
will therefore depend on the incident field polarity (Fig. 7.3). Consequently, we can
distinguish between different polarities with an array of antennas of alternating orien-
tation.

We placed the array on SiO2 to suppress nonlinear electrical breakdown effects in
the semiconductor substrate due to the antenna nearfields, which reach strengths more
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than 2 orders of magnitude above their d.c. breakdown values.

Figure 7.3: Polarity determination. a,b) Electron emission from the I- and T-tips of an antenna
in two opposite orientations as function of peak incident THz field. Electron emission from the
T-tip includes both the flat side oriented towards the I-tip as well as the two end tips – all three
sides are shown in the right-most panels in d. In the top configuration, the field enhancement at
the I-tip is larger than at the T-tip, but the total emission area is larger on the latter. As a result,
the main electron emission shifts from the I-tip to the T-tip when increasing the field strength.
In the bottom configuration, the field enhancement on the T-tip is largest, so no such cross-over
situation occurs. The total electron emission is largest in the top configuration. c) Experimental
result from illumination of an antenna array with two interdigitated antenna orientations. One
orientation clearly emits more light than the other. The brightest light comes from the antenna-
field configuration in a. d) Optimized experiment to resolve the actual electron emission points.
The total light intensity is higher in situation 3 compared to 2, suggesting that the former is
the antenna-field configuration in a. The antenna orientation is the same in situations 1 and 3.
The former sits in a lower field than the latter and the main electron emission shifts from the
T-tip to the I-tip, thus corroborating the earlier polarity observation. In the right panels, electron
emission maps are illustrated for the three cases. Blue colors indicate low energy, while red
colors indicate higher energy on a linear scale.

Meta-surfaces that aim to enhance the incident electric field significantly can benefit
from field coupling between the individual surface elements [97]. However, for beam
profiling device elements with such non-local coupling would give an image where the
imaged electric field at each pixel was a function of the electric field distribution on
the entire surface. Our antenna element is therefore designed to encapsulate the field
enhancement inside the antenna itself to avoid significant coupling with neighboring
antennas (Fig. 7.1(d)). As a result, the light intensity from an arbitrary pixel can readily
be interpreted as the effect of electron emission from the closest emission point and
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not a collective effect of all emission points. This decoupling of elements also makes it
feasible to pack the individual antennas closely for increased resolution. Further, the
current pathway in the largest split-ring is folded in bends to minimize the antenna size
(Fig. 7.1(b) and 7.1(c).

In Fig. 7.3, we demonstrate the capability of the metasurface to be used to absolute
polarity determination in two different ways. The insets in Fig. 7.3(a) and Fig. 7.3(b)
illustrate two different situations where an antenna is illuminated with a single cycle
pulse of opposite polarities. In the top configuration, the highest field enhancement for
the antenna overall occurs at the I-tip and the electron emission will therefore initiate
here at low field strengths. However, when increasing the field strength, an additional
emission from the T-tip increases. Since the total emission area at the T-tip is constituted
of two tips and a long, flat side (hot spots 2, 3 and 4 in the Fig. 7.1(d)), its total emis-
sion grows faster than that at the single I-tip. Therefore, even at constantly lower field
strengths at all emission surfaces compared to the I-tip, the T-tip emission surpasses that
of the I-tip with increasing field strength. This is exactly the same as what we saw in the
MC simulations in Chapter 6 when looking at the scintillation emission from our poly-
mer matrix. In the bottom configuration, the field enhancement at the T-tip is always
larger than at the I-tip. Therefore, there will be no cross-over of the main emission from
I-tip to T-tip. Thus, by illuminating an antenna with a well-known orientation, one can
determine the absolute polarity by observing whether or not this cross-over happens.

In addition to the cross-over method, we note that the total emission strength is sig-
nificantly different in the two configurations, which can similarly be used for absolute
polarity determination. This is the basis idea in Fig. 7.3(c), where we have created an
antenna array with antennas assuming alternating orientations. It is clear that one par-
ticular orientation dominates over the other in terms of total electron emission. In this
case, by lowering the integration time on the CMOS camera to collect less glow dis-
charge light, one obtains an image like that in Fig. 7.3(d). Three situations have been
highlighted here. Situations 2 and 3 come from oppositely oriented antennas at the cen-
ter of the THz beam with high electric field strength. The main light emission in both
situations come from the T-tip, with situation 3 being slightly brighter than situation 2.
This suggests a field polarity configuration as in Fig. 7.3(a). The antenna orientation
in situation 1 is the same as that in situation 3. However, in this situation, the antenna
sits in a much lower field strength region. Therefore, its main emission is observed to
come from its I-tip, which had already been predicted in Fig. 7.3(a). All three situations
are outlined in the right-most panels to illustrate the main electron emission maps a
calculated in CST PS.

Our model for electron emission in Fig. 7.3(a) and Fig. 7.3(b) uses the FN equation
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Figure 7.4: Overview of mode profile images for determination of the light emission dependence
of the incident THz electric field strength. The color scale on each image is cut to show the image
contest optimally.

Figure 7.5: Dependence of electron emission on incident THz peak field strength. a) The FN
emission curve in a large field range to illustrate the extreme non-linearity that the phenomenon
exhibits. The inset shows a close-up view of the data and fit. We notice that we have a lower
threshold for light emission at 55 kV/cm and that we at that point emit about 50 electrons / μm2

/ ps. b) The FN plot used to determine Φ = 0.9 eV. The THz peak electric field is 100 kV/cm.

with an associated work function Φ = 0.9 eV. This value differs significantly from the
commonly accepted value for Au, presented in Table 3.1. As mentioned in earlier chap-
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ters, this effect is thought to stem from surface irregularities on the emission surfaces
as well as possible adsorbates from the air. To obtain our value for the work function,
we have taken a series of mode profile images at different incident THz field strengths
- these can be found in Fig. 7.4. For each image, we integrated the total light emission
and used it for the FN plot shown in Fig. 7.5(b).

We observe very good agreement between the observed light emission and the FN
equation, thus suggesting that the electron-to-photon conversion in argon is linear. The
slope of the FN plot yields our work function. We have used this in 7.5(a) to plot the
emission current density as a function of both the incident THz peak electric field and
the corresponding field at the I-tip, including a 30% Fresnel loss at the backside of the
substrate. We have scaled the experimental data accordingly to verify that we start to
see light emission in the electron emission regime where tens of electrons are emitted.
Considering that the y-axis in 7.5(a) covers 30 orders of magnitude within 4 orders in
electric field, it is reassuring that our found emission threshold is physically sensible.

Figure 7.6: Single-shot image recording with subsequent image enhancement.

Lastly, we observe that it is possible to record single-shot THz images since the emis-
sion process is very non-linear. Thus, even close to the emission threshold, there is an
appreciable signal. Fig. 7.6 shows a single-shot image, which has undergone some
mathematical processing to become visible. First, a Weiner filter has been applied to re-
move some salt and pepper noise. Secondly, the image has been 2-D FFT transformed,
low-pass filtered and transformed back. We notice that the mode profile is very small,
thus suggesting that the light originates from only a few antennas. The fidelity of the
low-pass filter comes from that fact that we know exactly what the x- and y-spacing be-
tween the antennas is. We use this to preserve the corresponding spatial frequencies in
Fig. 7.6(b) along with all higher harmonics of these frequencies.
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7.3 | Conclusion on the beam profiling technique

Thus far, we have demonstrated a new method for beam profiling of THz beam profil-
ing that is non-linear in the peak electric field and can distinguish the absolute polarity
of single-cycle pulses. Absolute calibration of incident peak electric field strength is
in principle possible using a suitable antenna design. We expect our approach to be
broadly applicable to the far and mid-IR spectral range by straightforward geometric
scaling of the antenna dimensions. Further enhancements in sensitivity are expected by
improvements in antenna design and tighter manufacturing tolerances. Finally, since
our technique effectively uses up-conversion from the THz to the visible regime, stan-
dard silicon detectors can be uses for imaging, making it more cost effective than using
a FPA designed to operate in the THz frequency range directly.

Single-pulse imaging has been shown to be feasible as the image contrast scales with the
peak field and not the incident pulse energy. We anticipate that further improvement
of the antenna structure, including minimum tolerances and design, can increase field
enhancement by orders of magnitude to improve sensitivity. Moreover, FE from Au has
been shown at λ = 5 μm [127] where the electrical conductivity is 10× lower than for
Au at THz frequencies [128]. Hence, detectors based on our concept can in principle
be engineered to cover the entire IR spectrum by simple, linear geometric scaling of the
antenna dimensions. We shall similarly demonstrate this effect in the following sections.

Since this novel class of detectors relies on passive up-conversion from THz to NIR,
visible and UV, it can be made cheaper and more compact than any state-of-the-art THz
FPA. Absolute calibration of incident peak electric field strength is in principle possible
using a suitable antenna design.

7.4 | Scaling to higher frequencies

A natural extension to the beam profiling work was to try and extend our detection
range to higher frequencies by scaling down the size of the antennas. This was obtained
by implementing e-beam lithography in the fabrication flow in addition to UV lithogra-
phy. In Fig. 7.7(a), we show a successful down-scaling of the original dSRR with peak
enhancement at 0.5 THz by 10×. The assumed peak enhancement should then be at 5
THz. In Fig. 7.7(b+c), we made an additional 10× down-scaling. This required us to
unfold the larger antenna loop in order to conform with fabrication tolerances. Labels
show that the gap size is 98 nm, the tip diameter 23 nm and the line width 42 nm.
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Figure 7.7: SEM images of 5.0 THz and 50 THz metasurfaces. a) 5.0 THz antennas, which are
identical to the 0.5 THz antennas except for at 10× down-scaling. b+c) 50 THz antennas with
42 nm line width, 98 nm gap size and 23 nm tip diameter. The bigger dSRR loop is unfolded to
comply with the fabrication resolution.

Figure 7.8: Time- and frequency domain spectrum for 3-color air plasma pulse. a) Frequency
spectrum (black) and part of the corresponding wavelength spectrum (red). Both maximum
amplitudes are normalized to 1. b) Time trace of the pulse, which is recorded with air biased
coherent detection (ABCD).

Our usual LiNbO3 source did not have bandwidth up to 5 THz, so we resorted to a 3-
color air plasma source instead. The air plasma was generated by λ1 = 800 nm, λ2 = 400
nm and λ3 = 266 nm, corresponding to ω → 2ω → 3ω. The seed wavelength λ1 came
from a 40 fs optical pump. The resulting time waveform and associated bandwidth can
be found in Fig. 7.8. The bandwidth spans from 1 to 100 THz even on a linear scale,
corresponding to wavelengths between 3 mm and 3 μm. The frequency spectrum peaks
around 15 THz with an appreciable spectral amplitude at 5 THz (λ = 60 μm). Such
broad bandwidth results in a few-cycle pulse of 100 fs temporal duration. The time
domain pulse was recorded using an air biased coherent detection (ABCD) scheme.

When using the 5.0 THz metasurface in this source, we consistently got a bright
light output. However, we got a similar output from using just a blank HR-Si substrate
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Figure 7.9: Simultaneous imaging of HHG and FE. a) close-up of the two distinct signals, which
are overlapped in steps in c. b) Schematic outline of the experimental setup. The imaging system
is tilted with respect to the incident beam. The HHG from the substrate propagates co-linearly
with the incident beam, whereas the plasma glow discharge from FE extends isotropically out
from the antennas. This allows a spatial splitting of the two phenomena. The imaging system is
scanned sideways through the incident beam to gradually overlap the HHG and FE signals.

without any antennas. We interpreted this as HHG in the substrate driven by residual
pump light that we were not successful in filtering off. This meant that even though we
might enable FE from our antennas, the plasma glow discharge would potentially be
overwhelmed by the simultaneous HHG light.

Therefore, we set up the imaging system as shown in Fig. 7.9(b). Here, we used the
fact that the HHG should be generated co-linearly with the incident laser light, whereas
the FE-driven glow discharge should be isotropic. The antenna structures would still
work as long as they were tilted with respect to the incident electric field around the
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Figure 7.10: Comparison of the 3-color beam as recorded with HHG, a microbolometer and FE.
a) HHG, which is recorded using a blank piece of HR-SI without any antennas. The observed
dots and arrow-like shape supposedly stem from bad alignment of the focusing OAP mirror. The
curvature of the dots, as indicated in blue, reveals that they are not linked to any rectangular
antenna array. b) The same profile recorded with a microbolometer that was not absolutely
calibrated. The profile directly shows the power distribution on a linear scale. c) The profile as
observed with FE. The blue line indicates that the emission spots are ordered in a rectangular
grid, which means that they are linked to the underlying antennas.

axis running along the I- and T-tip. This configuration ensured that the HHG could be
spatially separated from the FE, as shown in Fig. 7.9(a). Fig. 7.9(a) is furthermore taken
from 7.9(c, image 3). In Fig. 7.9(c), the imaging setup is scanned along the axis indicated
in Fig. 7.9(a), starting from image 1 with the largest separation of HHG and FE. The
arrow-like shape of the beams is due to poor alignment of the preceding OAP mirror.

We observe that as the HHG beam moves closer to the top of the image, it over-
whelms the FE in intensity. The increase in HHG intensity is due to the increasing
amount of light that is guided into the 20× microscope objective.

In Fig. 7.10(a), we show the HHG generation from a blank HR-Si without any an-
tennas. In comparison, we show the same beam profile in Fig. 7.10(b), which has been
recorded with a microbolometer. In Fig. 7.10(c), we compare it to the same beam imaged
with FE. All three profiles have the same general shape, although smaller details in the
images vary like the appearance of "dots" in the HHG case that is not present in the two
other cases. The most noticeable difference between the HHG and FE cases is indicated
with blue lines. In the former case, the dots follow a curved trace whereas in the latter,
they are straight and hence follow the patterning of the antennas. The origin of the dots
in the HHG case is unknown and was rendered of less importance than demonstrating
that the 5.0 THz antennas were actually able to support FE.

To push things even further, we illuminated both metasurfaces with pulses in the
MIR range λ ∈ [2.6; 5.5] μm. These pulses were generated using a TOPAS Prime system
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Figure 7.11: FE from rotated 5.0 THz antennas using λ = 3.2 μm incident light. The imaging
system is kept stationary and only the metasurface is rotated. Angles complying n · 90◦|n ∈ Z

show brighter emission than the half-angles in between.

from Spectra Physics, which employed an optical parametric oscillator (OPO) followed
by an optical parametric amplifier (OPA). The TOPAS Prime was pumped with 800 nm
pulses from our Ti:Sa system. The MIR pulses had pulse energies in the order of 10-30
μJ. Fig. 7.11 exemplify how illumination of the 5 THz metasurface with λ = 2.3 μm gave
a very good FE signal. The (x-y)-scales show that the beam is not focused as tightly as
possible. The antenna layout is clearly visible as discrete dots of light in areas that are
not saturated by the light emission. Due to the combination of a linear camera response
with the very non-linear field dependence of the FE glow discharge, it is impossible to
avoid image saturation if the laser field has to be imaged over an appreciable area.

The 9 images in Fig. 7.11 are taken for different rotations of the metasurface around
a surface-normal axis. The light emission stems purely from the lightning rod effect at
the tips of the antennas and not from their resonant behavior, which is designed for
much longer wavelengths. Therefore, we do not see the rotational dependence that
was illustrated in Fig. 7.3 for the 0.5 THz sample in the THz beam. We do however
see the pattern that the light emission is most intense for angles with n · 90◦ separation
compared to 0◦, with n being an integer. The metasurface was initially rotated such that
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Figure 7.12: FE dependence on MIR wavelength for 5.0 THz metasurface. Images are recorded
between 2.6 and 5.5 μm, with specific wavelengths indicated in the lower left corner of each
image. The long camera integration time led to many saturated pixels in the pursuit of revealing
the maximum detection bandwidth of the system.

0◦ gave the largest signal, which is when the laser polarization is aligned with the main
antenna direction along the and I-tip. Therefore, the emission probably originates from
the I-tip at 0, 180 and 360◦ and from the two T-tips at 90 and 270◦. For all half-angles, the
emission could have originated from various corners on the whole antenna geometry.
Most importantly, this experiment was the first to demonstrate that we could push FE
all the way to the other and of the IR spectrum compared to THz.

In Fig. 7.12, we kept the 5.0 THz metasurface at the optimal rotation and instead
scanned over a range of incident wavelengths. The experiment was only meant to inves-
tigate the bandwidth of this FE process and not the intensity scaling for all wavelengths.
Therefore, the camera integration time was set to maximum and the majority of pixels
were consistently saturated. The scanned wavelengths are indicated in the lower left
corner of each image in μm. The incident average laser power had a spread over this
wavelength range of less than 50% and the drop in intensity for increasing wavelengths
is therefore directly due to the FE process itself. This was verified by reducing the power
of shorter wavelengths below that of 5.5 μm to confirm that the light emission persisted
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Figure 7.13: FE from 50 THz metasurface using λ = 3.2 μm incident light. The imaging system
is scanned along the edge of the antenna-patterned area to show that the light emission is linked
to the antennas and therefore originates from FE.

at much higher intensity than for 5.5 μm. This experiment demonstrates that the FE
process can be driven by at least a significant proportion of the MIR spectrum, even for
non-resonant antennas. The somewhat counter-intuitive result that the light emission
drops with longer wavelengths has not yet been explained.

As the last (successful) experiment, we illuminated the 50 THz metasurface with
λ = 3.2 μm light. A scan over different wavelengths for this metasurface did not reveal
any difference in light intensity nor any extension in the bandwidth compared to the
5.0 THz metasurface. This did not mean that the resonance behavior was irrelevant, but
that emitted electrons exhibited some plasma generation characteristics that we did not
understand. Instead, to illustrate that the light emission was actually still coupled to
the antennas, we focused the laser beam and scanned it along the edge of the antenna
area (1.5 × 1.5 mm) on the metasurface. Fig. 7.13 shows that the light emission is very
sharply cut off at the edge of the antenna patterned area, thus verifying that it is not a
pure substrate effect that we observe. We shall see later in Chapter 8 that the antenna
resonance actually does play an important role in the phenomenon that is observed in
Fig. 7.13.
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7.5 | Conclusion on the high frequency scaling

In this second part of the chapter, we have demonstrated two new dSRR antennas: The
5.0 THz and 50 THz. The former identical to the original 0.5 THz antenna, but scaled
down by a factor of 10×. The latter is scaled down an additional 10×. Both of these
antennas were fabricated using e-beam lithography.

The 5.0 THz antennas show a FE signal when illuminated with ultra-broadband
(1 → 100 THz) radiation from a 3-color air plasma setup. At the same time, we ob-
served HHG from the HR-Si substrate with a stronger intensity. We assume that the
HHG was generated with residual pump light that we could not filter off. We separated
the HHG and FE spatially by illuminating at an oblique angle of incidence.

Additionally, we have demonstrated that both the 5.0 and 50 THz antennas can be
used for FE when illuminated with MIR pulses in the range 2.6 to 5.5 μm and ∼ 10 − 30
μJ pulse energies. This finding demonstrates that a potential FE-based detector can in
principle be functional for the entire THz- and IR frequency range. We show that the FE
is undeniably linked to the presence of the antennas, but we have not yet demonstrated
any scaling law in terms of field/power dependence, antenna scaling dependence or
the like. This will be the basis for further investigation.

The demonstrated imaging technique could potentially be used for cheap, broadband
IR and THz imaging in high-power pulsed laser systems. Through careful antenna en-
gineering, the lower detection limit might be reduced significantly. However, in order
to better understand the electron emission process itself and at the same time remove
a layer of complexity, it is appealing to try and directly observe the emitted electrons
inside a vacuum environment instead of in a gas or polymer matrix. This was demon-
strated in Chapter 5, although with a detection efficiency that was highly compromised
by geometrical constraints in our vacuum chamber. In the next, final chapter, we shall
address these technical challenges with yet another novelty in FE-based detection sys-
tems.
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A THz and IR-sensitive
photomultiplier tube

In the previous chapter, we looked at how THz-driven FE can be used as the funda-
mental mechanism for detection of the THz radiation itself. In short, we demonstrated
a detection scheme that relied on the ability of the incident THz radiation to emit and
accelerate an electron from a metal antenna and into a surrounding medium apart from
vacuum.

But what if the surrounding medium were in fact vacuum? In this case, emitted
electrons could in principle be detected individually by initially multiplying an emitted
electron in number and afterwards picking up this amplified signal. Such multiplication
process requires that the electron is accelerated by an externally applied electric field in
order to be collided with e.g. a metal wall at an appreciable kinetic energy - typically a
few hundred eV. This ballistic collision can rip multiple electrons out of the metal wall,
which can then undergo the same process multiple times until the initial electron has
become 106 − 107 electrons.

The amplification process normally requires vacuum in order not to break down
any atmosphere electrically as a result of the application of the external field. Moreover,
atmospheric particles can adsorb on the metal walls and lead to irregular amplification
behavior. In even worse cases, they can undergo desorption in the external field and
ruin the metal surfaces in the amplification system due to their large masses compared
to e.g. single electrons. Finally - and most importantly - is the fact that vacuum by
definition is noise free in the sense that only externally introduced particles can seed an
amplification process. Therefore, in the context of using field emitted electrons for light
detection with optimal sensitivity, it is appealing to combine the metasurface with an
electron amplification and detection system in vacuum instead of a gaseous atmosphere.

One of the world’s leading developers and manufacturers of systems that can detect
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light via electrons in vacuum is the Japanese company Hamamatsu Photonics (HPK).
Their basic detection mechanism relies on the emission of an electron in response to a
photon using photoelectric effect. The electron is emitted into a vacuum tube, where it
is subsequently amplified and detected. In short, this setup is called a photomultiplier
tube (PMT).

In 2016, we teamed up with HPK to co-develop a novel PMT that would integrate
a metasurface to make the PMT sensitive to THz radiation. Such functionality is not
currently available since there is an energy threshold to drive the photoelectric effect
- this was described in Section 3.5. This threshold resides around 1 eV, corresponding
roughly to λ = 1.24 μm and f = 242 THz. PMTs are therefore not functional for light
detection in the IR frequency range, let alone the THz part of that range. PMTs are on
the other hand ultra sensitive to e.g. visible light, where they can detect single photons
with well over 50% quantum efficiency. This showcases the extremely efficient and well-
developed technology for electron amplification and detection in vacuum.

This is the final chapter of our work. In this chapter, we show a range of different
metasurfaces used for different PMT devices. We demonstrate some of the core PMT
functionalities found from our experiments and we highlight a host of phenomena that
are still not understood. In order to demonstrate the wide tunability of light detection
using metasurfaces, we devote significant efforts to expanding the sensitivity limits in
both weak and strong electric fields as well as the ability to detect light all across the IR
frequency spectrum from THz to NIR. This chapter ultimately demonstrates the future
PMT design and imaging capability. Our results lead us to a strong belief that this
new class of PMTs can become world leading in IR light detection for a vast amount of
scientific and non-scientific applications and several patents based on our findings have
either been filed or are currently in the development pipeline (for details, see Section
10.2) Therefore, HPK and DTU will jointly pursue the future design and development
of this new class of PMTs in the years to come.

8.1 | Electron amplification and the PMT

There are generally two distinct technologies being used for electron amplification in
vacuum: The dynode and the multi-channel plate (MCP). These technologies are shown
in Figs. 8.1 and 8.2, respectively. They fundamentally rely on the same principle, i.e. an
incident particle with an appreciable energy colliding with a metal wall to re-emit a
larger number of electrons that subsequently undergo the same process multiple times.
The initial particle can be massive, such as an electron, proton or the like. It can however
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also be a photon with enough energy to emit an electron from the metal wall using the
photoelectric effect.

Metal walls are normally covered with a coating that emits electrons more easily
than the metal itself, but the exact stoichiometric composition of such coating is in most
cases a trade secret. The main constituents however come from the first major group in
the periodic table, which are called alkali metals. These include e.g. Na, K and Cs. Their
ability to emit electrons is inversely proportional to their low ionization energy, which
stems from the fact that they only have one electron in their outermost s-shell. The low
ionization energy problematically translates into a very high reactivity with virtually
any chemical environment, so alkali metals are usually not chemically stable in most
forms outside vacuum. This means that not only must alkali metal coatings remain in
vacuum throughout their entire lifespan, but they must also be applied and handled in
vacuum.

The building blocks of a PMT are sketched out in Fig. 8.1. The device is encap-
sulated in a glass vacuum tube, which the incident photons pass through at the front
surface called the faceplate. On the inside of the vacuum tube, the incident photons hit
the photocathode. A photocathode is fundamentally a device which emits electrons in
response to light. In the language of a PMT, our metasurface will therefore be the photo-
cathode. In conventional PMTs, the photocathode is simply an alkali metal coating that
sits on the inner side of the faceplate.

Figure 8.1: Outline of the PMT detection principle. Incident light emits electrons into a vacuum
tube, where they are multiplied in number and ultimately collected to form a current transient
in a connected electrical circuit. The image is adopted from [129] with permission.

When electrons are emitted from the photocathode, they are focused and attracted
toward the first of a series of dynodes by using a focusing electrode. Dynodes can have
many different geometrical forms, but they are essentially a series of metal plates with
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increasing voltage potential between them. The increasing potential initially collides
the photo-emitted electrons with the first dynode to emit a cascade of secondary elec-
tron emission (SE) and thereafter takes the SE through a cascade process to finally end
up with 106 − 107 electrons. These electrons are collected with an anode and leads to a
current transient in a connected electrical circuit. This current is mostly run through a
resistor to transform it into a voltage transient, which is then measured on e.g. an oscil-
loscope.

Whereas the dynode structure in a PMT is simple and cheap to manufacture, it has two
main drawbacks: 1) It takes electrons a certain time to traverse through the dynode
series, thus limiting the minimum response time of the PMT to hundreds of ps. 2) It is a
single-point detector that cannot directly form a 2-D image.

To compensate for these drawbacks, one can use a MCP instead of dynodes. MCPs
are generally much more expensive than dynodes. An outline of a MCP is shown in
fig. 8.2. It consists of a 2-D array of microchannels, where each channel functions as an
independent amplifier as if a single channel were a series of dynodes. When an incident
particle hits the channel sidewall, the cascading process is started which runs through
the length of the channel. Channel diameters are typically in the order of 6− 20 μm, and
the total thickness of the MCP is a few mm. The thickness is rather compact compared
to most PMTs, and MCPs therefore have faster response times than dynodes. On the
backside of the MCP, output electrons are either collected by an anode or accelerated
towards a Phosphor screen that lights up in the visible to form a 2-D image.

In our endeavors for building a novel PMT, we shall also incorporate a MCP for
investigations.

8.2 | The THz-PMT

One of our first THz-PMT (henceforth just referred to as a PMT1) prototypes can be
found in Fig. 8.3, where the schematic principle of using a metasurface as the photo-
cathode is outlined in Fig. 8.3(a). It is central to the PMT operation that the incident
THz radiation is tightly focused onto the metasurface as the electron emission process is
field-dependent and therefore inherently intensity-dependent. Most optically generated
THz signals from table-top systems will hence not have enough electric field strength to
generate a PMT signal in a non-focused case. The actual PMT and relative size is shown
in Fig. 8.3(b). The backside of the dynode structures can be seen as metallic half-tubes
just below the front piece. There are several individual electric connections that lead to
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Figure 8.2: Outline of the MCP intensifying principle. An input particle - in this case an electron
- is guided through a narrow channel where it collides a number of times with the sidewalls.
MCP channels are arranged in a 2-D setup to obtain spatial resolution. The image is adopted
from [129] with permission.

the black base, since both the photocathode and each dynode has to be kept at different
voltage potentials. The PMT is shown in perspective in Fig. 8.3(c), where the metasur-
face backside can be seen as a square front piece with a hole next to it, which indicates
the orientation of the metasurface antennas. The square piece is 6 × 6 mm.

Figure 8.3: Principle and images of the first THz-enabl PMT. a) Principle of how the metasurface
is embedded in a standard PMT design. Incident THz radiation is focused on to the front side
of the metasurface through the faceplate. b) Image of an actual PMT prototype in a side view. c)
The same image in a perspective view, where the back side of the metasurface substrate is visible
as a 6 × 6 mm square. d) Image of the metasurface front side. e) Optical microscope image of a
few dSRR antennas sitting at the edge of the active metasurface area with electrical connection
to the surrounding frame.

All antennas are electrically connected to a common, 2 mm wide frame, in order
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Figure 8.4: Image of the experimental setup used for many of the PMT tests. The THz laser
beam is introduced from the left. It is guided through two wiregrid polarizers, into a tight focus,
re-collimated and ultimately guided to the PMT with a longer focal length. An ITO mirror sits
in the focal path to allow an 800 nm beam to be introduced on the PMT metasurface too.

to keep them at the same voltage potential. The frame is shown in Fig. 8.3(d) and a
microscope picture of the actual frame connection for a few antennas is shown in Fig.
8.3(e). The shown antennas are designed to have their main resonance at 0.5 THz.

The voltage division to all individual parts of the PMT is controlled by a circuit
of resistors, which can be optimized for different modes of operation. We shall not
go into these operational modes, but simply acknowledge that the PMT gain factor -
which is the multiplication factor of 1 electron emitted from the photocathode - is largely
determined by the total voltage drop over the entire circuit. We shall call this the gain
voltage and it typically sits between -300 V and -2000 V at the photocathode, with ground
kept at the last dynode. The larger the absolute value of the gain voltage, the higher the
sensitivity and hence also the risk of PMT saturation. The operational gain voltage that
ensures the overall best behavior (fastest response time, least noise, etc.) of our PMTs is
-1500 V.

Our PMT tests were performed at various THz setups over the course of 2 years. We
shall not depict all these different setups, but a representative version is shown in Fig.
8.4. Here, an incident THz beam from a LiNbO3 crystal was collimated and led through
two wire-grid polarizers. It was then led through an intermediate, tight focus using
2-inch off-axis parabolic (OAP) mirrors and subsequently collimated again. Lastly, it
was focused by a 6-inch OAP mirror onto the PMT. The setup included an option to
introduce an 800 nm beam, which we shall demonstrate in Section 8.4. For some ex-
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Figure 8.5: PMT response time and incident electric field traces from EO sampling. a) Oscil-
loscope trace of the PMT response in time. The FWHM is 1.9 ns. b) EO sampling of the THz
signal at two different peak field strengths, which are controlled by the relative orientation of
the wiregrid polarizers.

periments, the PMT was moved to the tight 2-inch focus spot to have 3 times higher
electric field strength. This increase in field strength came with the prize of a smaller
beam spot, which would then lead to a higher sensitivity to any imperfectly fabricated
antenna structures on the metasurface.

A typical PMT time response can - it all its Japanese authenticity - be found in Fig.
8.5(a). It is the response to a typical single-cycle THz waveform, as those found in Fig.
8.5(b). Its FWHM is 1.9 ns with a 50 Ω impedance match, which is for a PMT design that
is not optimized for fast response time. The illustrated response waveform is optimal
for this PMT. At very low gain voltages, this waveform starts to become somewhat
distorted with rising side bands.

In Fig. 8.5(b), we have EO-sampled two THz electric field time waveforms. One
waveform is without any wire grid attenuation, and the other is with a substantial at-
tenuation. The central take-away is that the waveform does not change its form under
attenuation, which indicates that the wiregrids have a flat frequency response. Hence,
we can use this as a tool to vary the incident THz peak electric field strength in order to
map the field sensitivity of the PMT.
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Figure 8.6: PMT test with varying THz field strength and 4 different gain voltages. The x-axis
is calibrated using EO sampling. All 4 data series are normalized to the global maximum, such
that their relative PMT signal amplitudes are comparable.

8.3 | PMT field dependence

We saw in Chapter 7 how the plasma glow discharge was proportional to the FN elec-
tron emission. In the same way, we expect the PMT response magnitude to follow the
FN electron emission, given that we are able to collect a part of the emitted electron that
is proportional to the total emission current.

In Fig. 8.6, we irradiated the PMT with peak electric field strengths ETHz = 100
kV/cm, as recorded by EO sampling. The PMT antennas were aligned with the field
polarization and polarity to ensure maximum electron emission. The wire grid polar-
izers were used to gradually attenuate the THz strength. The PMT was connected to
a boxcar integrator and a lock-in amplifier. The THz field was varied in strength for 4
different gain voltages: 386 V, 700 V, 1009 V and 1250 V.

We can observe from Fig. 8.6 that the PMT has an output dynamic range of ≈ 4.5
orders of magnitude. When the signal gets close to the noise floor, the error bars extend
to negative values and are hence clipped on the figure. The saturation limit is clearly
seen as the signal flattens out completely with zero width of the error bars. This is most
clearly seen for 1009 V and 1250 V. Expectantly, a higher gain voltage leads to a steeper
signal response, which limits the input dynamic range. For 1250 V, the input dynamic
range is as little as between 20 and 60 kV/cm, whereas for e.g. 700 V, it is between 40
and 100 kV/cm. This narrow dynamic range on the input field corresponds well to the
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high non-linearity of the FN electron emission. As the gain voltage increases, the lower
detection threshold moves down from ≈ 55 kV/cm for 386 V gain to ≈ 20 kV/cm for
1250 V gain.

The verification that the 4 data series follow the FN emission model can be found in
Fig. 8.7(i-l). Here, each data series has been plotted in a FN plot to see that one can fit a
decent straight line except close to either the saturation or noise thresholds. For each of
the FN plots, the corresponding electric field strength from the EO sampling has been
used. The retrieved work function has been used in Fig. 8.7(a-h) to generate the analyt-
ical FN fit (red line). The electric field used in this FN fit is the EO field multiplied by
β = 131.7 to estimate the field on the emission tip. Therefore, if β has been determined
incorrectly, the FN fit is going to find emission thresholds in terms of the incident THz
field that are very different from what we found with EO sampling.

Subsequently, the amplitude of the experimental data was scaled linearly to match
the FN fit using a least-squares method on the data that is shown in Fig. 8.7(e-h). For
each of the 4 plots in Fig. 8.7(a-d), the top- and bottom x-axes are identical, but the
y-axes change to show the emission strength optimally.

There are three main observations to be done. The first observation is that the data
actually does make a rather straight line in the FN plots, so the FN emission model
seems adequate to describe the phenomenon.

The second observation is that the analytical FN fits (red lines, Figs. 8.7(e-h)) closely
predict the lower threshold field values that were observed in Fig. 8.6. For 386 V, 700
V and 1250 V, both the experimental and FN fitted threshold values are 55, 40 and 20
kV/cm, respectively. For 1009 V (Fig. 8.7(g)), the FN fit predicts a 20 kV/cm threshold
value, while the EO sampling value from Fig. 8.6 resides slightly higher around 28
kV/cm.

The third observation is that the apparent work function that one retrieves from the
FN plot decreases significantly with increasing gain voltage. We get that Φ386V = 0.91
eV, Φ700V = 0.78 eV, Φ1009V = 0.53 eV and Φ1250V = 0.55 eV. This observation means
that there is not a constant proportionality between the observed electron emission and
the actual electron emission. Rather, there is a gain-dependent mapping from the actual
emission into the observed emission. This changes the apparent work function and
the mapping is therefore not linear. The origin of this mapping function could be an
increase in the relative amount of collected electrons with increasing gain voltage. It
could also originate from a d.c. tilt in the vacuum barrier provided by the gain voltage,
which adds on to the barrier tilt provided by the THz electric field. To this end, we do
not know exactly what the mechanics are. Op top, we note that Φ386V = 0.91 eV is close
to the recorded work function for the same metasurface used in Chapter 7.

133



Chapter 8. A THz and IR-sensitive photomultiplier tube 8.3. PMT field dependence

Figure 8.7: FN plots and data fitting to the 4 PMT tests shown in Fig. 8.6. a-d) Analytical FN
curve (red) shown over 2 orders of magnitude in the incident THz field. The measured data
points are scaled linearly with a least squares fit to best match the FN curve. e-h) The same
plot as in a-d, but zoomed in on the measured region. The increase in gain voltage leads to a
decrease in the detected emission threshold. i-l) FN plots of the data. Increasing the gain voltage
decreases the slope of the fit and therefore the effective work function.
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Figure 8.8: Stability of the PMT signal over time. The deviations from a flat response stem only
from drifts in the THz laser power itself. This is verified by comparison of the two in the third
panel.

The very non-linear field dependence of the PMT can be used for stability measure-
ments. In Fig. 8.8, we monitored the PMT output in selected 3-hour time windows over
the course of 28 hours. In between these time windows, the PMT gain voltage was zero
and the THz beam was not incident on the PMT at all. Only after 25 hours did we start
to monitor the peak power of the 800 nm laser beam used for THz generation to be able
to compare it to the measured PMT signal.

During the first hour, the 800 nm laser was warming up, which normally gives a
spike in the average output power before it stabilizes. This peak was correctly caught
by the PMT and was expected. However, in the second time window, the PMT signal
increased steadily, which looked like either the stability of the PMT or the 800 nm laser
was drifting. In the third time window, we compared the two and observed that they
were somehow inversely correlated.

The explanation is that the chirp of the 800 nm laser pulse was drifting over time. In
order to have the most efficient THz generation, the 800 nm pulse is pre-chirped when
it comes from the amplifier system. The more pronounced the chirp, the lower the laser
peak power as the pulse is spread a bit in time. In this particular situation, the drift in
chirp actually led to an increased THz generation efficiency.

Taking the PMT response curve at 1250 V in Fig. 8.6, one can approximate it with
a polynomial of E11. This means that a 3% increase in THz field roughly leads to an
increase in PMT output of ΔV = (1.0311 − 1) · 100 = 38%. Since this is very close to
the 40% that we observe in Fig. 8.8, we conclude that the laser peak power and the
THz field generation are proportional within the few-percent drift interval that we are
looking at. More importantly, this few-percent change in THz electric field leads to a
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very significant change in PMT output signal. The PMT is hence a very sensitive tool to
monitor the stability of an electric field source.

8.4 | PMT polarity and timing

We have already in Chapter 7 seen the ability of the asymmetric antenna design to re-
solve the absolute polarity of the incident THz field. This first investigation was done
with antennas of interchanging orientation to be able to properly compare the two situ-
ations simultaneously. With the PMT at hand, we now have a much more sensitive and
mechanically stable system to do the same experiment. Since all antennas are oriented
in the same way in the PMT, we shall instead rotate the PMT 360◦ and record the total
electron emission for each angle relative to the incident THz polarisation. The time trace
of the incident field is that of the full field shown in Fig. 8.5(b), which has a main nega-
tive and positive field lobe of dissimilar amplitudes. The main negative lobe, which has
the strongest amplitude, should lead to a stronger emission than the main positive lobe.

Figure 8.9: Determination of absolute THz field polarity and the spatio-temporal overlap of the
THz field with an 800 nm laser pulse. a) PMT response as a function of the angle between meta-
surface antennas and the incident field polarisation, measured with θ = 0◦ at maximum PMT
response. b) PMT response when the THz pulse and an additional 800 nm pulse are spatially
overlapped on the PMT faceplace. The time axis denotes the relative change in arrival time of
the 800 nm pulse compared to the THz pulse. When the latter arrives before the first, the PMT
response drops to zero due to THz absorption by photo-generated free carriers in the HR-Si
substrate.

The result of the rotation can be found in Fig. 8.9(a), which contains all the features
that we expected. There is a clear difference in emission from two main orientations,
which are sitting 180◦ apart. Both main emission lobes are symmetric, and there is
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no emission when the relative angle between the antennas and the THz polarisation is
close to 90◦. The relative fraction of the maximum amplitudes of the two main lobes can
in principle be used to determine the relative magnitudes of the two main field lobes.
Notice that this does also requires that one takes into account the difference in total
emission area of the I- and T-tip as well as knowledge of the THz beam profile. Hence,
we shall not try to perform such quantitative measure here, but simply appreciate the
qualitative distinction that one can make between a main positive and negative field
lobe, which is of great practical importance to an experimenter.

For our particular metasurface, the used substrate was HR-Si. It is a well-known fact
that such substrate is transparent to THz radiation (except for the Fresnel loss) due to
the low number of free carriers. If one however illuminates HR-Si with an intense laser
beam above the Si bandgap at ≈ 1μm, there will be a large amount of free photo-excited
carriers generated. These carriers will increase the substrate absorbance in the THz
frequency range.

In Fig. 8.9(b), we conducted such an experiment with the PMT by introducing a
collimated 800 nm beam as shown in Fig. 8.4. We then varied the relative arrival time at
the PMT between the 800 nm pulse and the THz pulse. We additionally made sure that
the beams were spatially overlapped - hence the reason not to focus the 800 nm beam,
as we wanted it to cover a large portion of the THz beam profile. The figure shows
that when the THz pulse arrives at the PMT before the 800 nm pulse, it is transmitted
through the substrate and drives a PMT response. As the beams start to overlap in time,
an increasing part of the THz field is absorbed by the generated photo-carriers in the
substrate. Hence, the ability of the transmitted part of the THz pulse to emit electrons
from the antennas decreases until the PMT signal vanishes. The time difference between
full and zero PMT signal roughly indicated the 1 ps long time duration of the main THz
field lobe.

It is in practise rather simple to find the temporal and spatial overlap of the two
beams using the PMT. The reason is that the lifespan of the photo-excited carriers is
much longer than the duration of the THz pulse. Hence, one can initially find the spatial
overlap by letting the 800 nm pulse arrive much before the THz pulse. The spatial
overlap is located by adjusting the relative positions of the beams such that the PMT
signal vanishes. Afterwards, the arrival time of the 800 nm pulse can be adjusted back
in time until the PMT signal rises again.
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8.5 | Antenna scaling

In Chapter 7, we introduced the two antenna scalings for 5 THz and 50 THz, respec-
tively. We manufactured a PMT with the 5 THz antenna design, but due to fabrication
difficulties, we could only scale the antennas down to a 40 THz resonance in the context
of being used in a PMT. The reason was that the antennas had to be unbroken in order
to put them all at a common potential, whereas for the camera images, they all worked
individually. To get a fairly robust fabrication scheme at the time, we used a 40 THz
scaling.

In addition, we introduced two new designs into new PMTs: A 0.5 THz design with
a sharpened tip and smaller gap, as well as a 0.24 THz scaling with the smallest tip
and gap that we could possibly fabricate at the time. All of these three new designs are
found in Fig. 8.10. All PMTs were manufactured with SiO2 face plates except the 40 THz
PMT. Since the transmission of SiO2 in the MIR range is almost zero, HPK introduced a
MgF2 window with much broader transparency up to ∼ 10μm.

Figure 8.10: Optical and SEM images of 3 antenna types: 0.5 THz modified, 0.24 THz and 40
THz. a+b) Optical and SEM image of the 0.24 THz antennas made first with UV lithography
and afterwards with EBL. The alignment of the EBL exposure to the UV pattern is highlighted
with blue arraows in b. c+d) SEM images of the 0.5 THz modified antenna with a sharper tip
and smaller gap, as shown in the close-up of one antenna gap in d. e+f) 40 THz antennas made
purely with EBL. The close-up in f shows antenna dimensions.

The approach towards choosing new antenna designs for this part of the work did
not rely on careful investigations of e.g. scaling laws of antenna sizes, nor did it include
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tests of many different antenna designs. One obvious reason was that the manufactur-
ing of new PMTs was a time-consuming and expensive task. Therefore, antenna designs
incorporated variations on several parameters at once, with the ultimate goal to shed
light on the general applicability is this technology. The new designs are argued in the
list below:

� The 0.24 THz antennas maintained the 3 μm line width from the 0.5 THz antenna
design, but with otherwise larger dimensions. We primarily expanded the dimen-
sions to ease the fabrication. Fig. 8.10(a) shows an image taken with an optical
microscope. The depicted antennas sit in the corner of a sample, where the Au
frame can be seen in the image bottom and left-hand side. All antenna and frame
layout has been fabricated using UV lithography. Afterwards, the sample was
spin coated again with CSAR resist, and the tips in the center of the antennas were
patterned with EBL. The image was acquired after development, so the tips had
not undergone metal deposition yet. The alignment of the second lithography to
the first along with the pure writing time of the tips led us to increase the antenna
size. In Fig. 8.10(b), we observe that the deposited metal purposefully overlaps
with the underlying antenna (indicated by the two blue arrows). The inset shows
that the tip radius is 12.6 nm and the gap size is 200 nm. Hence, the main pur-
pose this antenna was to push our fabrication capabilities for the smallest possible
dimensions in the gap.

� The modified antenna design for 0.5 THz (Fig. 8.10(c) and 8.10(d)) incorporated
both a sharpened tip and a smaller gap for increased field confinement. The rest
of the antenna dimensions were left unchanged. These antennas were fabricated
using EBL in a bulk and sleeve setup. This setup designates the use of a high
and a low writing current. The low writing current was used initially to define
the edges (the sleeve) of the antennas. Low currents lead to small e-beam spot
sizes and therefore high spatial resolution, but at the cost of extended writing
time. High writing currents were used for the interior of the antennas (the bulk),
with the opposite characteristics compared to low currents. The bulk and sleeve
approach allowed us to only create the frame with UV lithography and hence be
much less sensitive to alignment issues.

� The 40 THz antennas are found as an overview in Fig. 8.10(e) and as a close-up
with dimensions in Fig. 8.10(f). Like the modified 0.5 THz antennas, they were
entirely patterned with EBL except for the surrounding frame (not shown here).
Their metal thickness was 150 nm, which was used to not vary the thickness pa-
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rameter significantly. However, to perform a successful lift-off process, the CSAR
resist had to be at least 3 times thicker than the metal. The application of such
thick resist - in our case 500 nm - was not a standard process and we therefore
had to develop it and apply it manually. This led to a quite significant rate of
failed samples, which can be circumvented in the future with better fabrication
knowledge. The 40 THz antennas were - just like the 5 THz antennas - created by
a linear scaling of the original 0.5 THz antenna to 1/80 the size, although with an
unfolding of the large antenna loop to comply with our spatial resolution limits.

In summation, we ended up with 5 different PMT types. These are listed in Tbl. 8.1.

Name Description

0.5 THz original The first dSRR design with 3 μm line width and tip diameter, with a peak fre-
quency response at 0.5 THz

0.5 THz modified The first dSRR design, but modified to have ∼ 400 nm gap and ∼ 100 nm tip
diameter

0.24 THz An enlarged dSRR size with 3 μm line width. Gap is 200 nm and tip diameter
12.6 nm

5.0 THz The original dSRR design scaled down in lateral dimensions to 1/10 for a peak
response at 5.0 THz

40 THz The original dSRR in an unfolded version scaled down in lateral dimensions to
1/80 for a peak response at 40 THz (λ = 7.5 μm)

Table 8.1: List of our 5 PMT types.

8.6 | PMT comparisons in the THz range

The overarching goal of the further PMT prototype development was to show the po-
tential of the technology to scale into other frequency bands apart from THz, as well as
to take the first step towards a decrease in the minimum incident field strength required
to emit an electron. The former shall be referred to as the bandwidth and the latter as the
sensitivity, although a more proper term could be threshold field. To this end, we have
devoted all of our efforts to make practical improvements of these two metrics since we
reasoned that these results were crucial to secure funding for further development after
the end of the PhD work period. We were right.

While our time devotion indeed has improved our understanding of the physics
inside our PMTs, it has also come at the expense of leaving some of the fundamental
mechanisms for further investigation. In this section, we shall thus present a range of
observations that are only partly understood. The presented observations were instru-
mental in our metasurface design development.
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Fig. 8.11 shows a direct comparison between 5 different PMTs. The first two carried
identical metasurfaces with the original dSRR design for 0.5 THz peak response. The fol-
lowing two PMTs similarly carried identical metasurfaces, but with the modified dSRR
design. The fifth PMT carried the geometrically down-scaled dSRR structure with peak
resonance at 5.0 THz.

All five PMTs were tested in series on the same THz source in the same experimental
run. They were all tested on the experimental setup shown in Fig. 8.4 in the first focus
created by a 2-inch OAP mirror. The peak field strength was approximately 300 kV/cm,
since the focus spot was 3 times smaller than for the 6-inch OAP mirror used to focus
the THz beam on to the detection crystal for EO sampling (which yielded 100 kV/cm,
as shown previously). All data was recorded by connecting the PMT output to a boxcar
integrator and then to a lock-in amplifier. The latter was triggered by the laser signal
and the signal from a mechanical chopper at 1 kHz.

To ease the eye, we have normalized this maximum field strength to 1 on the hori-
zontal axis in Fig. 8.11. All data series (the vertical axis) have been normalized to the
global maximum and not the maximum of the individual data series. Hence, the rela-
tive output strengths can be compared. In order to get a sense of the slopes, we have
plotted analytical dashed lines for E2 and E9.

In Fig. 8.11(a), we see that the the two original PMTs follow the same general
trend, although with different output strength. They both follow E2 closely at high
field strengths and almost suddenly turn into a steeper slope at lower field strengths.
The steeper slope looks piecewise linear on a log-log plot, with the steepest slope close
to the noise floor. PMT1 and PMT2 have their respective sensitivity limits at 0.25 · 300
kV/cm = 75 kV/cm and 0.085 · 300 kV/cm = 26 kV/cm. PMT1 was investigated pre-
viously in this chapter in a lower THz field, which yielded a sensitivity limit around 20
kV/cm. This discrepancy could be due to a position dependence of the PMT response,
e.g. if some of the antennas were badly fabricated in particular metasurface spots.

PMT3 and PMT4 show a different behavior than the first two PMTs. They share the
E2 dependence for high fields, but at decreasing field strengths they have an increasingly
flat response. PMT3 ends up with the same sensitivity limit of 26 kV/cm as PMT2,
whereas the PMT4 response has a long tail that does not get entirely flat. To investigate
this further, we inserted two HR-Si wafers in the THz beam line before the PMT in order
to attenuate the field by 50%. The resulting response can be found in Fig. 8.11(b) and
as a close-up in Fig. 8.11(c). In Fig. 8.11(c), the two cases are shown on different y-
axes with the same x-axis to better compare their general trend. This shows that they
have the same sensitivity limit that resides around 0.0027 · 300 kV/cm = 0.81 kV/cm,
which is ∼ 30× better than the original dSRR design. Incidentally, this is equal to the
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Figure 8.11: Comparison of PMT response on electric field strength for 5 PMTs. All series in
plots a and b are normalized to the global max such that their amplitudes can be compared. All
x-axes are normalized to 1 to ease the eye, where 1 corresponds to a field strength of 300 kV/cm.
a) Original PMT data when varying the field with wiregrid polarizers. Dashed lines at E2 and E9

are introduced to give a sense of the slopes. b) 4 different experiments for PMT4 in comparison.
The chronological order of the experiments follow the arrows. The lower sensitivity limit of the
PMT is indicated with a vertical, dashed line at 0.0027. c) A close-up of the first two data series
from b, where their individual y-axes are scaled differently to show that they reach the noise
floor at the same x-value.
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tip scaling (3μm → 100 nm), but it does not prove that β ∝ 1
rtip

since 1) two data points
always make a straight line and 2) the gap size in the modified dSRR is additionally
12.5× smaller than for the original dSRR.

A comparison of the same two graphs in Fig. 8.11(b) has not led us to further insight
and further tests are therefore required to determine the origin of the PMT behavior.
We notice that in the high-field region x > 0.2, their trends are identical. Next, we
made a field scan with 50% maximum field strength over 8 hours (brown data points)
at the same spot. At this point, the sensitivity limit seemingly dropped to that of the
original dSRR. Afterwards, we moved the THz spot to another location on the PMT and
made a new field scan with a relatively similar result. We ultimately broke the PMT
and looked at the metasurface in the SEM microscope, but it had no traces of damage or
any other signs of permanent change. Therefore, the exact origin of the demonstrated
behavior is still unexplained and we shall not claim that we have convincingly observed
a sensitivity limit at = 0.81 kV/cm.

The last thing to observe from Fig. 8.11(a) is that the 5.0 THz metasurface gives a
small, but measurable signal when exposed to THz radiation in the 0.1 to 1 THz region.
Since there is no resonant antenna behavior involved in this response, we conclude that
it must originate purely from the lightning rod effect on the antenna tips. This response
could not be observed when doing the same experiment using the plasma imaging from
the previous chapter. Hence, emitted electrons are either not energetic enough to ionize
air or the emission number is not high enough to provide a suitable signal to noise ratio
for the camera.

For all the five PMTs, we have made a FN plot. These are shown in Fig. 8.12(f-j). For
all PMTs, we have used β = 131.7, ETHz = 300 kV/cm (maximum field strength with no
attenuation) and a Fresnel insertion loss of 30% as according to [50]. This yields ΦPMT1 =

0.60 eV and ΦPMT2 = 0.77 eV. The former value is very close to that obtained for the
same PMT using a 3 times larger spot size in Fig. 8.7 at 1250 V gain (where ΦPMT1 = 0.55
eV). For PMT3 and PMT4, we do not know the exact β-values as we did not have the
computational resources to make CST simulations converge sufficiently. Their actual
β-value is presumably higher than 131.7. However, this will also lead to higher work
functions than those retrieved here, which are ΦPMT3 = 0.55 eV and ΦPMT4 = 0.93
eV. Since antennas in all 4 PMTs are fabricated in almost the same way with the same
materials, there should be no significant difference in their work functions. This leads
back to the indication that there is a mapping between electron emission and detection
that is non-linear in the THz field and that we do not yet understand. In addition, we
showed in Fig. 8.7 that there is also a non-linear mapping between electron emission
and PMT gain voltage that we do not understand yet.
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Figure 8.12: Comparison of 5 PMTs with FN fits (a-e) and FN plots (f-j). For all FN plots, we
used β = 131.7. The data recording for PMT3 had fewer data points recorded than the other
data series. The data points used for the FN plots are highlighted in red in a-e. The x-axes are
determined from EO sampling, but the y-axes are determined by the FN fits.

For the 5.0 THz PMT, we get that ΦPMT5 = 0.89 eV. This number is presumably
highly inaccurate since β = 131.7 was also used here.

In Fig. 8.12(a-e), we see a general trend in the first four cases where the emission
forms an "S"-curve. The central section follows the FN emission reasonably well, but
the low- and high-field tails are completely different. The low-field tail shows up in the
FN plots as a continuous, rounded shape for high values of 1/E. We do not understand
the origin of this bend yet.

The high-field tail was shown already in Fig. 8.11(a) to be ∝ E2. Such behavior is
expected for very high electric fields as the exponential term in the FN expression tends
to 1. However, this behavior should then be captured adequately in the FN plot as part
of a straight line. It is clear from Fig. 8.12(f-j) that this is not the case for small values of
1/E. One slight exception is Fig. 8.12(j), where the high-field tail could be argued to be
somewhat linear. In all other cases however, the high-field tails lead to a sudden twist in
their respective FN plot, thus indicating that the E2-trends form too quickly at too low
field strengths. This phenomenon could be a combination of space charge effects and
transportation limited supply of electrons to the antenna surface. It could also be part
of the unknown mapping function between electron emission and electron detection.

In Fig. 8.13, we tested the original PMT1 against the 0.24 THz PMT6. This was done
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at another THz setup with a 3.5-inch off-axis parabolic mirror for focusing and a peak
electric field of 150 kV/cm. The intensity distribution, as imaged with a bolometer, is
shown in Fig 8.13(b). Since the 0.24 THz antennas are approximately 100 μm in size,
the emission in a strongly attenuated field will come from only one or a few antennas
residing in the center of the beam spot.

The direct comparison between the two PMTs can be found in Fig. 8.13(a). We see
how they tend to give the same signal strength at high fields. At low fields, the original
PMT1 has a sensitivity limit at 0.19 · 150 = 28.5 kV/cm, which is comparable to earlier
results found on other setups. PMT6 clearly has a lower threshold, which was unfor-
tunately not resolved perfectly in this field sweep. Hence, we can only put an upper
bound on the sensitivity limit of 0.055 · 150 = 8.25 kV/cm. For these experiments, we
read the PMT signals off directly on an oscilloscope without using neither boxcar inte-
grator nor lock-in amplifier. The data points were originally recorded as the maximum
output voltage amplitude of the PMTs for each field strength.

Fig. 8.13(c-f) show the data fits with the FN equation and their associated FN plots.
We observe that both PMTs have a significant range that is close to linear on the FN plots.
Using β = 131.7, we get that Φ(PMT1)= 0.54 eV, which is again comparable to previous
results. As for the modified 0.5 THz PMT, we could not determine the enhancement
factor for the 0.24 THz PMT using CST due to lack of computing power. However, if
we now assume that the work function should be identical to that of the original PMT,
we find that β(PMT6)= 483. The single conclusion from this number is that we would
indeed expect β(PMT6) > β(PMT1) due to its sharper tips, but the validity of the actual
number is questionable.

8.7 | PMT comparisons in theMIR range

We showed earlier in Chapter 7 that our 3-color air plasma source gave rise to both
field emission and HHG with the 5.0 THz metasurface. When we inserted the 5.0 PMT
into the same source, we were not able to get any signal. This result led to two central
conclusions:

� The transmission coefficient of the face plate material (SiO2) was too low in the
THz-range to allow sufficient electric field to reach the metasurface.

� Since the transmission coefficient of SiO2 is appreciable for wavelengths shorter
than ∼ 4.4μm, the PMT still lets these higher frequencies enter. This could in-
clude residual pump light. These frequencies were responsible for the HHG in the
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Figure 8.13: Comparison of the 0.5 THz and 0.24 THz PMTs. a) Direct comparison of the relative
PMT responses, normalized to the global maximum value. Data was acquired using an oscillo-
scope without any boxcar integrator nor lock-in amplifier - therefore, the lowest recorded field
value for the 0.24 THz PMT might not ultimately be the sensitivity limit. b) The THz beam spot
at the PMT position, recorded with a bolometer. c+d) FN fits to the measured data. e+f) FN plots
to determine the PMT work functions.

camera imaging experiments. However, since the PMT has no response, it means
that this HHG is not detected by the PMT. The ways that the PMT could poten-
tially detect these shorter wavelengths could be through multi-photon absorption
of the HHG signal at the inner part of substrate surface or similarly on the surface
of the first dynodes. The substrate and dynodes are subject to a time-invariant
electric field via the PMT gain. Hence, the multiphoton absorption could lead to
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Figure 8.14: Shortening of metasurface and the first two dynodes for 4 different MIR wave-
lengths. Wavelengths are indicated in the titles. All panels show raw oscilloscope traces with
arbitrary off-sets of the red and blue lines to better show all details. The amplitudes of all signals
are directly comparable.

field-assisted photoemission below the work function energy of the substrate or
dynodes, as explained in Section 3.5.

The above-mentioned conclusions led us to believe that if we see any response from a
PMT at e.g. MIR wavelengths, this will still be due to field emission from the antennas. It
also showed us that a central challenge of making PMTs for the MIR is to find a suitable
faceplate material.

In order to put our conclusions to an additional test, we illuminated the original
PMT with MIR light in the range λ ∈ [2.6 ; 12]μm. The MIR light was generated by
optical parametric generation and subsequent amplification of our 800 nm pulses using
a TOPAS-Prime system from Spectra Physics. The resulting pulses were approximately
150-200 fs long (FWHM) with 10’s of μJ pulse power.

Due to the lightning rod effect on the tips of the dSRR antennas, this illumination
gave a measurable PMT signal. Subsequently, we short-circuited either the metasurface
and first dynode or the first and second dynode, so as to put them on the same potential
and therefore remove the attractive force that electrons would feel from one to the other.
If the PMT signal came from HHG light that photo-emitted electrons on the first 1-2
dynodes, the signal should persist irrespective of these changes.

The result for the four wavelengths 2.8, 3.2, 3.6 and 4.0 μm can be found in Fig.
8.14, which shows the raw oscilloscope traces in all different configurations. The x-axis
shows time and the y-axis shows the PMT readout voltage, which can be compared
in the non-shortened case for all 4 wavelength. The two shortening cases are off-set
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by different amounts to better show all details. When there is no shortening, all four
wavelengths lead to a PMT response. Similarly, in all cases, a shortening between the
two first dynodes almost completely removes this signal. The situation is the same when
shortening the metasurface and first dynode, except for the 4.0 μm case. Here, the PMT
signal strength persist with almost unchanged amplitude.

If the PMT signal originated from HHG-driven photoemission, we should expect
the signal strength to increase with a power law when moving towards shorter wave-
lengths. On the other hand, field emitted electrons should get an increase in kinetic
energy from the laser field itself when moving to longer wavelengths, since the half-
cycle time becomes longer. This would lead to an increase in the number of electrons
that would reach the first dynode from the metasurface when the two are shortened.
In Fig. 8.14, we observe what is indicative of the second situation, so we conclude that
the signal still originates from FE at MIR wavelengths. One further test revealed that
if the same MIR signal was directed straight into a commercially available PMT with
sensitivity in the visible, we neither saw any output signal nor did we destroy the PMT.
Hence, the MIR laser light did not not emit any electrons anywhere inside the PMT.

As explained in Chapter 7, it was not intuitive that we could by default drive FE with
a MIR source due to the increase in Keldysh parameter for shorter wavelengths - let
alone from non-resonant antennas. This led us to compare the frequency-dependent
response of both the original 0.5 THz PMT and the 5.0 THz PMT. The latter had already
undergone initial inspection with the MIR source in Chapter 7. The result can be found
in Fig. 8.15 along with a standard transmission spectrum for SiO2 acquired from [130],
the bandwidth shown in Chapter 7 and the frequency dependent laser power.

We observe that the average power of the MIR laser with 1 kHz repetition rate was
relatively stable within a factor of 2 over the entire wavelength span from 2.5 to 5.5
μm. The bandwidth of the image collection from Chapter 7 spans from 2.6 to 5.5 μm,
which is broader than for both PMTs due to the limited transmission of the faceplates.
Both PMTs were kept at constant 1500 V gain. Therefore, the 5.0 THz response is not
necessarily flat over a wide range, but simply saturated.

The PMT responses originate only from the lightning rod effect, which leads to a
broader bandwidth for the 5.0 THz antennas since their tips are 10× smaller that those
of the original PMT. By comparing the difference in SiO2 transmission between the long-
wavelength sensitivity limits of the two PMTs, we find that there is ∼ 100× less trans-
mission at the limit for the 5.0 THz PMT compared to the original 0.5 THz PMT. This
suggests that β ∝ 1

r2
tip

. More importantly, it demonstrates that this PMT concept is scale-
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Figure 8.15: Comparison of PMT detection bandwidths in the MIR range. The shaded area
shows the transmission of SiO2, which is the faceplate material. The long, double-headed arrow
indicates the detection range of the 5.0 THz metasurface that was investigated with camera
images in Chapter 7.

able through the entire IR frequency region, all the way from THz to NIR and possibly
close to visible light.

8.8 | The 40 THz PMT

With the previous demonstration that FE can be driven at MIR frequencies, it is relevant
to investigate if emission can be aided by a resonant antenna. We saw in Chapter 7
that we could indeed use antennas with 50 THz resonance frequency to enable field
emission, but we could not conclude whether this emission strength was influenced
significantly by the antenna resonance.

To enable the resonance properties, the electrical conductivity of Au has to be suffi-
ciently high at the desired frequency to carry a.c. currents similar those found in Section
4.3. In Fig. 8.16(a), we used the electric dipole in CST to investigate the correspondence
between electrical conductivity and the relative field enhancement βrel . We observe that
even though the electrical conductivity drops by 4-5 orders of magnitude, we are still
left with at least 50% of the field enhancement that Au provides at low THz frequencies.
It is well-known that the electrical conductivity for Au drops with increasing frequency,
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Figure 8.16: Antenna enhancement as function of the electrical conductivity (a) and the sim-
ulated frequency response of the 40 THz antenna (b). A scale model of the 40 THz unit cell is
shown as an inset in b. The frequency response is terminated at 45 THz due to lack of computing
power to resolve higher frequencies.

but the relative drop depends partly on the preparation of the specific Au sample. We
were not able to measure this drop experimentally, so we shall merely use Fig. 8.16(a)
to qualitatively assess that our antennas should be able to have a pronounced resonant
behavior in the MIR range.

Using the d.c. conductivity value for Au, we used the frequency solver in CST to in-
vestigate the field enhancement of the 40 THz dSRR. This was computationally possible
since the ratio between the smallest and largest antenna features had decreased almost
two orders of magnitude compared to e.g. the 0.24 THz dSRR. We observe that the peak
enhancement is very close to the design frequency (40 THz), namely β(38.8 THz) = 26.
The reason that β is much lower than for e.g. the original dSRR with a much larger tip
radius is the significantly smaller unit cell size of 1.8 × 1.8 μm. Simply speaking, there
is a much smaller volume to concentrate energy from when moving to smaller antenna
sizes.

When using the 40 THz PMT with a MgF2 faceplate, we were able to record a PMT
signal for all wavelengths between 2.5 and 12 μm. The wavelength bounds were deter-
mined by the bandwidth of our light source, since the PMT actually had a finite response
at both bounds. For each wavelength in our sweep, we attempted to make benchmark
measurements against our commercial power meter (Genentec Tuner). However, this
attempt failed as the PMT was consistently more sensitive than the power meter. We
shall therefore not show the details of the recorded data here.

Particularly for 10.5 μm, our power meter could almost measure the power for the
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Figure 8.17: a) Avg. power at 10.5 μm as a function of 800 nm pump current. "PM limit" is
the sensitivity limit of our power meter. "PMT limit" is the sensitivity limit of the 40 THz PMT,
measured in pump current. The corresponding avg. power is estimated from the general trend.
b-e) Estimate of the Gaussian envelope function for the 10.5 μm pulse in time and space. Red
shaded areas denote the center of the pulse that has an extension of 200 nm in free-space.

PMT sensitivity limit. We have shown this in Fig. 8.17(a), where power meter is de-
noted "PM". We modified the 10.5 μm signal by adjusting the pump laser current for the
800 nm laser that was subsequently down-converted, but there was no well-known con-
version rate from pump laser current to MIR power output. The minimum data point,
framed in orange, is therefore an estimate of the 10.5 μm power at the particular pump
current, based on the general trend for the previous measurement points. At this pump
current, the 40 THz PMT had its sensitivity limit. We have estimated that the average
power was 0.05 mW, which corresponds to a pulse power of 0.05 mW/1 kHz = 50 nJ.

We know from previous chapters - in particular Section 4.3 - that the main lobe of the
dSRR time domain response has approximately the same temporal width as the driving
laser pulse. Therefore, it is not all of the pulse energy that contributes to the FE process.
A reasonable estimate is that the contribution comes from the amount of power that is
contained in the part of the pulse that covers the 200 nm tall antennas when the electric
field peaks. In Fig. 8.17(b), we estimate a FWHM of Δt = 200 fs for our Gaussian laser
pulse as

G(t) =
1

σ
√

2π
exp

(
−0.5 · t2

σ2

)
, σ =

Δt
2
√

2 log(2)
. (8.1)

This can be converted to a free-space spatial width via l = c/t. In Fig. 8.17(c), we
pick out the central 200 nm and blow it up in detail in Fig. 8.17(d). For illustration, this
can be converted back to time, as seen in Fig. 8.17(e). By dividing the red area under the
curve by the total area under the full Gaussian, we get that only 0.32% = 0.16 nJ of the
incident energy contributes to FE.

The PMT test was carried out in a collimated beam. At a higher MIR power, we
used a bolometer to image the relative energy distribution of the MIR laser beam. The
imaging was done at 10 μm, but we reason that the beam profile is similar at 10.5 μm.
Each pixel of the bolometer was 25 μm2. We know that at the PMT sensitivity limit, the
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Figure 8.18: Relative power distribution for the 10.5 μm laser beam, calibrated to energies and
fields. a) The beam spot at high laser power, taken with a bolometer that was not calibrated. The
color scale is calibrated with the total pulse energy 50 nJ at the PMT sensitivity limit, distributed
accordingly over the entire image. Pixel sizes are 25 μm2. The pixel with the highest intensity
is encircled. b) Color scale is calibrated to show the pulse energy per antenna. c) Color scale is
calibrated to show the peak electric field of the incident laser pulse. d) Color scale is calibrated
to show electric field at the antenna tips.

total incident pulse energy was 50 nJ, which can then be used to calibrate the bolometer
color-axis as in Fig. 8.18(a). The pixel with the highest incident power has been circled.
The amount of antennas per bolometer pixel is n = 1.8 μm2/25 μm2 = 193, so the
energy per antenna can be calculated. This is done in Fig. 8.18(b).

Generally speaking, the energy stored per unit volume in an electromagnetic wave
can be expressed by

w = ε0
1
2

E2 +
1
μ0

1
2

B2 = ε0E2 (8.2)

when the wave propagates in free-space where c = 1/
√

ε0μ0. This can be used to link
the energy incident on each antenna to the incident peak electric field present during
the 200 nm wide peak of the pulse (as calculated earlier). Hence,

w =
Energy
Volume

=
Energy/antenna · 0.0032

1.8μm2 · 200 nm
= ε0E2

incident

⇓

Eincident =

√
Energy/antenna · 0.0032

ε0 · 1.8μm2 · 200 nm
. (8.3)

Eq. (8.3) has been used to create Fig. 8.18(c). In the end, we can use Fig. 8.16(b) to
read off the enhancement of the antennas to be β(10.5 μm) = 11.3. Hence, the actual
peak field on the antenna tips βEincident can be plotted in Fig. 8.18(d).
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At the PMT sensitivity limit, it is only the antennas sitting in the pixel with the
highest value that emit electrons. This pixel is encircled in the mode profiles. From Fig.
8.18(d), we find that the maximum value of Etip = 8.42 · 108 V/m. In comparison, the
threshold for our original 0.5 THz PMT was approximately 131.7 · 26 kV/cm = 3.42 ·
108 V/m, which is 2.46 times lower than for the 40 THz PMT. However, at low THz
frequencies, electrons had significantly longer tunnel time available. The calculated
threshold field for the 40 THz antennas therefore seems reasonable.

Going back to Fig. 8.18(b), we can read off the threshold incident energy to be 51.5
fJ/antenna. This would decrease if the pulse were compressed to a shorter temporal
width. In addition, by focusing the incident pulse to a diffraction limited spot, one
could obtain a spatial diameter of ∼ 1

2 λ ≈ 5 μm. This would cover an area of A =(
5μm

2

)2
π = 19.6 μm2. Each antenna unit cell is 3.24 μm2, so the incident energy would

be distributed among 6 antennas. The sensitivity limit for the PMT in terms of total
incident energy would therefore be 6 · 51.5 fJ = 309 fJ for λ =10.5 μm in a diffraction
limited spot, carried in a Gaussian pulse envelope with FWHM = 200 fs. In terms of
incident peak electric field, the PMT sensitivity threshold for λ =10.5 μm can be read
off Fig. 8.18(c) to be 743 kV/cm.

8.9 | Future PMT types

Up to this point, we have shown how the exceptionally large FE non-linearity leads to
a clear sensitivity limit for our PMTs. The limit can be moved to lower incident field
values by tip sharpening and efficient tailoring of the geometrical shape of the antenna
as a whole.

However, in Fig. 8.8 we also showed the ability of the PMTs to record very small
modulations of the incident field strength - in other words, we recorded the first deriva-
tive of the emission. This derivative is given by

dJ
dEbias

=
a
Φ
(2Ebias + bΦ3/2) exp

(
−bΦ3/2

Ebias

)
, (8.4)

where Ebias is the electric field at the emitter tip. The future PMT concept is based on
the idea that this Ebias-field can be established by an electrical bias. This will create a
pre-defined tunnel barrier width. Subsequently, the laser field - denoted Elaser - can be
added on to the electronic bias field since the antenna response has already proven to be
is linear. The laser field will create a modulation equivalent to dJ/dEbias · Elaser. Due to
the emission non-linearity, Elaser can in principle be much smaller than Ebias and hence
decrease the PMT sensitivity limit towards much smaller incident fields.
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Figure 8.19: a) Outline of the principle behind a pre-biased metasurface. The electric dipole an-
tenna in the center is connected to pad 2, whilst the bias fingers are connected to pad 1. The inset
below shows a magnified image of the gap region. Pads 1 and 2 are biased against each other.
b) Side view of the bias configuration to enable electrostatic extraction of emitted electrons. c)
Principle behind electron emission in a reverse bias configuration, as explained later in the text.
Electric field lines from Ebias are only shown to the left. Emission via the laser field Elaser from
the right side is against Ebias and escaping electrons (1) will mainly be accelerated in the bias
field pertaining to the left side (2).

In Fig. 8.19(a), we show an outline of such antenna concept. The antenna is kept at
a constantly lower potential than its opposite bias "fingers", such that an electric field
is established towards the antenna tips. The difference in bias is in practise applied via
pads 1 and 2. To avoid dielectric breakdown of the substrate underneath the antennas,
a square etch (3) is created around all areas of high fields. A SEM micrograph of the
actual sample with the etch area can be found in Fig. 8.22(a). Inside a PMT, this pre-
biased metasurface is furthermore biased against the first dynode via pad 1. This is
shown in side view in Fig. 8.19(b).

The application of an additional bias opens three new modes of operation, which
are sketched in Fig. 8.20(a-c). The first mode is entitled the threshold mode. Here, the
electronic bias established a tunnel barrier that is too thin for any significant amount of
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electrons to tunnel through. With the application of Elaser, the barrier is bent down to
allow electrons to tunnel out. This mode of operation will keep the background current
in the PMT to a minimum and therefore keep it far from saturation. It does not however
ensure the highest sensitivity.

The second mode of operation is the modulation mode. Here, the electronic bias estab-
lishes a constant background tunnel current, which is modulated in strength by Elaser.
Since the background current already has a measurable amplitude, small modulations
will also lead to measurable amplitudes. The meaning of "measurable amplitude" is
loosely speaking that the absolute modulation must consist of at least 1 electron within
the duration of the laser pulse. Alternatively, if operated with a lock-in setup at a rea-
sonable laser repetition rate to lower the noise floor, the requirement of "measurable
amplitude" might be relaxed to include modulations of 1 electron every 10, 100 or even
1000 laser shots.

The third mode of operation is the reverse bias mode. This mode is used when ir-
radiating the PMT with very strong laser fields that lead to saturation like previously
shown in this work. In this mode, the electronic bias is reversed in sign so as to bend the
vacuum potential upwards instead of downwards. This increases the emission thresh-
old that the laser field has to overcome. The strength of the bias can in the first place be
increased until the bias fingers opposite of the antenna start to field emit electrons. In-
creasing the bias further will lead to a constant background current like in the modulation
mode. In this case, the laser field will to some extend decrease the background emission,
which can be recorded and used for detection in the same way as the modulation mode.

In Fig. 8.21, we have used Eq. (8.4) to outline the possible detection regime that
the pre-biased metasurface might cover. To calculate J in Fig. 8.21(a), we have used
Φ = 1 eV. This choice of work function is in line with what we have found previously.
We have also found that the emission threshold for our antennas is reasonably well
depicted when scaling the unit of J to #electrons / μm2 / ps. In Fig. 8.21(a), the black
guiding lines intersect J = 1 both horizontally and vertically. This means that for an
applied d.c. bias that leads to an electric field at the antenna tip of 4.7 · 108 V/m, the
background emission current is 1 electron / ps = qe/10−12 s = 160 nA. If the distance
between the antenna tip and the opposite bias finger is in the order of ∼ 1 μm, the
required bias voltage is U ∼ 4.7 · 108 V/m ·1 μm = 470 V.

The four additional graphs in Fig. 8.21(a) show the addition to the background emis-
sion current at different strengths of Elaser and electronic bias strength. With Elaser = 108

V/m, we find that dJ/dEbias · 108 = 1 for Ebias = 4.32 · 108 V/m. For the same value
of Ebias, we find that J = 0.25, so this combination of bias- and laser field increases the
emission current by an easily measurable factor of 4 when the laser field is on. The
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Figure 8.20: Three operational modes of a PMT with a pre-biased metasurface. a) Threshold
mode, where electrons are in principle only emitted when both Ebias and Elaser are present. b)
Modulation mode, where Ebias is strong enough to emit electrons (top). With the addition of
Elaser, the emission amplitude increases (bottom). c) Reverse bias mode, where Ebias has changed
sign to avoid PMT saturation in high laser fields.

choice of Ebias presented here would correspond to the threshold mode.

When Elaser decreases in amplitude, its contribution to the background emission cur-
rent that J provides becomes smaller too. For Elaser = 105 V/m, the requirement for
dJ/dEbias · 105 = 1 is that Ebias = 7.6 · 108 V/m. However, this leads to J = 700, which
is equivalent of 112 μA at d.c. Not only would the relative current modulation only
be 1/700 = 0.14% - the background current itself would completely saturate the PMT
unless Ebias is operated in an a.c. mode (we shall not discuss such case here). In the d.c.
case, one could set Ebias = 4.7 · 108 V/m, such that the background current is J = 1.
Here, dJ/dEbias · 105 = 0.0036, which is a modulation strength of 0.36%. Such settings
would correspond to the modulation mode. It will be up to future experiments to deter-
mine if such modulation can be measured.

In Fig. 8.21(b), we see dJ/dEbias · Elaser for a limited range of both variables. The
color scale denotes the absolute change in J for combinations of the variables, where
we have defined the lower detection limit as a modulation of 1 electron every 100 laser
shots. This threshold is found to be very sensitive with Ebias as Elaser is varied from 106 to
107 V/m. Thus, for practical reasons, this concept will require a very low noise voltage
supply.
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Figure 8.21: Theoretical estimates of the sensitivity range of a pre-biased metasurface. a) The
background emission J as a function of Ebias (blue, wide) along with the additional emission
that is enabled by four different values of Elaser. b) 2D plot of only the additional emission
provided by combinations of Ebias and Elaser.

Now, remember that Elaser = β · ETHz. It has been shown in [123] how antennas with
nano-sized gaps can potentially reach β > 104. In our case, such enhancement factor
would lead to a possible sensitivity limit in the order of ∼ 10 V/m. Moreover, our
concept introduces a source of electrical energy apart from that delivered by the laser
field. This raises the question whether we can potentially detect the electric field of
incoherent light, i.e. single photons, now that the combination of field sources allows
us to emit electrons with less photon energy than the antenna work function. If this
limit can be reached, it will lead to two ground-breaking functionalities inside the same
device:

1 A universally applicable light detector in the sense that any source - coherent or in-
coherent - could be detected across the entire IR band at unprecedented detection
speed and operational simplicity.

2 The same device could - by tuning of the electronic bias - be sensitive only to tiny
amounts of coherent light inside a massive background of incoherent light. Such
selectivity would come from the non-linear response in the electric field.

It will be up to future experiments to show if this limit can be reached.

Our first pre-biased metasurfaces can be found in Fig. 8.22. In Fig. 8.22(a), we see
an overview of the entire antenna area. The connecting lines that run to each side of
the center area go to the two different pads. Fig. 8.22(b) and 8.22(d) show optical mi-
croscopy images of to different designs. In the former, the antennas are sitting directly
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Figure 8.22: Optical and SEM images of the first pre-biased metasurfaces. a) SEM overview of
the entire antenna region of a metasurface. b) Optical microscope image of a metasurface design
where antennas are placed directly opposite of the indicated bias lines. c) SEM image of the same
design close to a gap region. Image taken with a tilt to resolve the depth of the etch. d) Optical
microscope image of the previously shown metasurface design that incorporates antennas and
bias fingers. e) SEM image of a gap.

opposite of the bias line. This ensures a minimum gap size, but also an increased pos-
sibility that emitted electrons will collide with the bias line itself after emission. In the
latter, emitted electrons have additional free space around the emission tip to increase
the probability that they will not collide directly with the opposite side. We note that
- under the right circumstances - such direct collision could lead to secondary electron
emission in a similar way as on the dynodes. In this way, the collision could be the first
amplification stage.

Fig. 8.22(c) and 8.22(e) show the same two designs as SEM micrographs in a tilt
view. The anisotropic etch of the substrate was done with a Bosch process, thus leading
to the layered-looking structure of the substrate underneath the Au structures. The etch
depth was 10 μm, which was determined by simulating the structures in CST with a
static solver at 1000 V d.c. bias and observing how far the nearfield extended before it
reached a value below the d.c. dielectric breakdown strength of Si (2.5 · 107 V/m).

Unfortunately, we had forgotten to account for the slight electrical conductivity be-
low d.c. breakdown of Si. Hence, when measuring the ohmic resistance between then
pads, it was 360 kΩ. This can be explained as a current that runs from the antenna to
the bias line through the substrate.

The samples were tested anyway in our ToF setup, and the results can be found in
Fig. 8.23. These particular results come from the design in Fig. 8.22(b) and 8.22(c).
Due to the finite current in the substrate, the samples only lasted for about 10 seconds
before they stopped emitting electrons in response to both Ebias and Elaser. Their ohmic
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resistance had afterwards increased by 40 kΩ, but no visible changes could be observed
in the SEM. We are therefore not able to explain the exact mechanisms of this damage.

Fig. 8.23(a) shows two oscilloscope traces coming from the ToF setup. The black
line shows the electron emission from the THz pulse itself without any bias applied.
When a 386 V bias is then turned on in reverse bias mode (blue line), the emission
decreases drastically. Intriguingly, the emission that persists move to higher energies
(faster arrival times).

Fig. 8.23(b) shows another experiment with a similar sample. Here, the THz field
strength was decreased below the electron emission threshold (black line). When the
386 V bias was turned on in a forward mode, electrons instantly started to emit (blue
line). As expected, the noise increased at the same time. The oscillating time trace has
been smoothed (red line) to better see its general trend.

Fig. 8.23(c) shows both experiments on a common energy axis. For the reverse
bias experiment, the electrons emitted when Ebias was on show a rather narrow energy
spectrum around 380 eV. This can be explained from the sketch in Fig. 8.19(c). Here,
electrons that are able to emit under the reverse bias (1) end up acquiring kinetic energy
from that bias when they pass over the center of the bias line (2), since the field lines on
the other side have switched direction. Therefore, they end up having approximately
the same energy as that set by the bias. In the forward bias experiment, emitted electrons
exhibit a broader energy spread with higher peak energies than that provided solely by
the bias since both Ebias and Elaser have the same polarity.

Most importantly, these initial experiments verify that the concept of having a pre-
biased antennas works.

As a consequence of the substrate damage in Si and the associated short lifespan of
our samples, we fabricated similar structures on a SiO2 substrate. For these samples,
the ohmic resistance was higher than what we could measure. Some samples were
introduced into a modified PMT design and tested successfully. The lifespan of these
samples were ∼ 10 minutes. Fig. 8.24 shows that the bias lines that supported the
antennas exploded over course of these 10 minutes. This is probably due to the high
d.c. current that was drawn in the lines during these initial experiments. The main
take-away message is though that a change of substrate material can prevent a current
to run between the antennas and bias lines.

A last outlook on the possible functionalities of this technology is imaging. In Fig.
8.25, we show a proof-of-concept result from a metasurface with the original dSRR an-
tennas that are irradiated with THz using a 7.5-inch OAP mirror for focusing. On the
front side of the metasurface, emitted electrons are guided into a MCP and subsequently
accelerated onto a phosphor screen that lights up. The image - like those showed in
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Figure 8.23: Initial experiments with reverse and forward bias on the pre-biased metasurfaces. a)
Experimental conditions where Elaser can emit electrons on its own (black line). The application
of Ebias decreases this emission (blue line) and increases the observed energies. b) Experimental
conditions where Elaser could not emit electrons on its own (black line). The application of Ebias
leads to emission (blue and red lines). c) Both experiments shown on a common energy axis.

Figure 8.24: Optical microscope image of SiO2-based metasurface degradation. The lines that
feed the emission current to the antennas have exploded at the connection points to the side pad.
This is highlighted in b.

Chapter 7 - shows the peak electric field distribution of the THz pulse. Needless to say,
this imaging technique inherently possesses all the same beneficial characteristics as the
PMTs presented in this chapter.

8.10 | Conclusion

In this chapter, we have demonstrated a novel class of photomultiplier tubes (PMT)
that are conceptually sensitive to electromagnetic radiation in the entire IR frequency
range. This range spans from low THz frequencies and into the NIR. In this work, we
have successfully demonstrated PMT response from 0.1 to 1.5 THz (3000 to 200 μm) as
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Figure 8.25: Demonstration of imaging using a metasurface together with a MCP and a phos-
phor screen. The green image shows the peak electric field distribution of a THz laser pulse.

well as 25 to 115 THz (12 to 2.6 μm). The PMT concept relies on the integration of a
metasurface as the photocathode, which can be engineered for a response in the entire
IR region. The metasurface integration into PMTs has been carried out by Hamamatsu
Photonics.

The PMT detects the electric field of the incident radiation and the detected signal
therefore does not increase with the incident power, unless that power is carried in a
coherent electric field. This enables the PMT to efficiently filter coherent light from inco-
herent light. Moreover, the direct interaction with the electric field allows one to extract
information such as polarisation and polarity. With a future better understanding of
the mapping between electron emission and detection, this PMT concept could also be
absolutely calibrated to determine the peak electric field strength of single- or few-cycle
pulses. This determination could potentially be much more precise than other methods
like e.g. EO sampling. The situations of CW or quasi-CW signals have not yet been
studied.

Based on the HR-Si substrate of the metasurface, we have shown that one can deter-
mine the spatio-temporal overlap of a THz and a 800 nm pulse. We have also demon-
strated a few ns time response, which can be further decreased by exchanging the used
dynode structure with e.g. a MCP. The latter has been used to demonstrate imaging
capabilities of our metasurface concept.

To this end, we have not been very concerned with the mapping function from elec-
tron emission to the first dynode. This is a crucial next step for future investigations.
The seemingly low effective work functions in the PMTs are also still unexplained. We
have however demonstrated with our original PMT1 that the observed work function is
consistent when changing both experimental setup and focal length of the incident THz
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beam.
Finally, we have demonstrated an avenue for improving the dynamic range of the

PMT to both weaker and stronger incident fields. This is based on adding an electronic
bias to the emission tip along with the laser field. We have demonstrated proof-of-
concept for this technology and expect it to be instrumental in bringing this new class
of PMTs into use for a multitude of applications. One core vision is to fuel the expan-
sion of THz science with the introduction of a detector type that could potentially be a
commodity.
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Conclusions

This PhD dissertation has been focused on ultrafast electron field emission (FE). Such
emission has been enabled by illuminating an array of metal antennas with ultrashort,
high-field electromagnetic transients in the THz frequency range. We have shown how
to geometrically scale and arrange the metal antennas to sub-wavelength sizes in a pe-
riodic 2-D array, thus creating metasurfaces. The metasurfaces have subsequently been
used as our platform for various experimental studies of ultrafast electron FE under
various conditions.

We have shown theoretically that ultrafast electron FE from a metal surface requires
an electric field at the metal-vacuum interface of at least 0.5 − 1 · 109 V/m. Such strong
fields can be achieved at the tips of our metasurface antennas with both an electric
dipole and a double split-ring resonator (dSRR) antenna design, given that the inci-
dent single-cycle THz transient carries a peak electric field ∼ 20 kV/cm or higher. We
have obtained the latter with a compact table-top laser system, in which LiNbO3 is used
for optical rectification of a 100 fs laser pulse at 800 nm center frequency in a tilted pulse
front configuration.

In our initial experiments detailed in Chapter 5, we have shown that antennas made
of TiN can be used to permanently imprint the current pathways in the antennas. The
current takes the shortest possible path around an antenna and divides out into a fractal
pattern at the antenna tips. Antennas are designed to have maximum field enhancement
on their tips due to a very large, local charge concentration. This agrees with the obser-
vation of current splitting close to the tips due to Coulomb repulsion between carriers
at high concentration. In Chapter 5 we additionally illuminated an Au antenna with
ETHz ∼ 300 kV/cm for 12 hours. Following this, we have observed that the substrate
and antennas have undergone charge accumulation in the antenna gaps with a pattern
that resembles the electric field lines.
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We subsequently use THz-THz autocorrelation experiments to show that the electric
dipole metasurface antennas have the same impulse response as shown by simulations.
This suggests that the antenna response even in high THz fields is linear. The autocorre-
lation furthermore verifies that the temporal duration of the electron emission is shorter
than that of the driving field. Thus, the emission non-linearity inherently exhibits a
temporal compression ability. We have subsequently shown that FE can also take place
from electric dipole antennas made out of single-layer CVD-grown graphene. In con-
trast to Au antennas, graphene exhibits a non-resonant behavior, thus introducing the
ability to make single-shot ultrashort electron bursts. FE from graphene additionally ex-
hibits a band-like structure where certain energy bands in the 50 - 450 eV range are very
clearly extinct. Despite these interesting observations, a more in-depth investigation of
graphene antennas is required to explain these experimental findings which is beyond
the scope of this work.

In Chapter 6, we move into an investigation of the effect of ultrafast electron FE on
a solid polymer. Here, we demonstrate that ultrafast electron FE can be used to emit
electrons directly into a solid polymer that has been dropcast on top of a metasurface.
Emitted electrons are subsequently accelerated by the strong THz field inside the poly-
mer and reach energies that are high enough to induce chemical changes.

In one embodiment (Section 6.2), we spincoat electron-sensitive resist on a metasur-
face, illuminate it with THz for 12 hours and develop it. In a SEM microscope, this
allows us to observe a clear contrast between areas that have been exposed to electrons
and areas that have not. Since the illuminated metasurface area spans approx. 100 an-
tennas, it is possible to simultaneously observe the effect of a low and high electric field
and therefore also electron dose. The low field imprints a pattern in the resist that im-
ages the electric field lines, since emitted electrons do not move very far away from their
emission point and are hence controlled by the Lorentz force. The high field creates an
isotropic circle, since emitted electrons are more likely to move farther away from the
emission points and hence be influenced by random scattering.

In another embodiment (Section 6.3), we design and apply a plastic scintillator on a
metasurface to observe the instantaneous light emission. This allows us to map the field
dependence of the light and compare it to Monte Carlo simulations of an equivalent sys-
tem. The comparison shows good agreement for electric fields that are 3-4 times higher
at the metal-plastic interface than expected. This can be due to microscopic surface
roughness that acts as nano-emitters. The agreement between experiment and theory
corroborates that we have in fact injected electrons directly into the plastic. This opens
a future avenue for creating ultrafast electron bunches suitable to initiate chemical re-
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actions in femtosecond pump-probe experiments, which can be injected directly into a
sample.

In Chapter 7, we used the ultrafast electron FE to emit and accelerate electrons into ar-
gon gas. This led to ionization of argon and the creation of a local microplasma 5 − 50
μm from the emission spots. We recorded the associated visible plasma glow discharge
with a CCD camera, which in total constituted a novel way of imaging high-power THz
transients. We utilized the sign of the electron charge together with the field-driven
emission to gain access to the polarisation- and absolute polarity properties of the im-
aged THz beams. Moreover, we demonstrated focal plane single-shot 2-D imaging us-
ing only the THz transient itself. This technique could potentially be used for develop-
ment of cheap, versatile THz field imaging equipment. In extension, we demonstrated
that the lightning rod effect from the antenna tips could be used for FE in the near IR
range 2.6 → 5.5 μm even without resonant field enhancement. Thus, any FE-based
imaging technique could potentially cover the entire THz- and IR frequency range.

Lastly, in Chapter 8, we engaged in a joint research collaboration with the Japanese com-
pany Hamamatsu Photonics (HPK). In this collaboration, we embedded metasurfaces
into a type of sensitive light detectors called photomultiplier tubes (PMTs). This en-
abled the PMTs to expand their range of sensitivity to THz frequencies and later to the
IR range 2.6 → 12 μm, which is wider than what we demonstrated with FE in gas in
Chapter 7. Based on initial experiments, we have approximated the detection threshold
at 10 μm to be 743 kV/cm. If carried by a 200 fs FWHM Gaussian pulse focused to the
diffraction limit, this corresponds to 309 fJ. The PMT detection inherits the qualities of
gas imaging, i.e. it directly measures the peak electric field. Using PMTs in the THz
range, we corroborated the ability to determine the field polarization and absolute po-
larity. We also demonstrated a use case where a single PMT could be used to determine
the spatio-temporal overlap of a THz transient with a 800 nm pulse. Due to the severe
non-linearity of FE, the PMT was ideal to monitor tiny fluctuations in the THz field and
hence very useful for laser stability measurements.

To increase the sensitivity of the PMTs, we demonstrated a bias-assisted antenna de-
sign. The basis of the design was to add an electronically controlled electric field on to
the optical electric field. This enabled us to pre-define the tunnel barrier width that elec-
trons had to penetrate and simply use the incident laser field for barrier modulations.
We also demonstrated the opposite technique where the electronic polarity was flipped
to inhibit electron emission in order to avoid PMT saturation in high-power applica-
tions. Both cases were fabricated and verified experimentally as proof-of-concept.
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The starting point for this PhD work was to find ways that fundamental research and
technical innovation could be joined in symbiosis. After 3 years of efforts, our PMT
project secured the author a fully funded post-doc position for 2 years at DTU, paid by
HPK, to continue PMT research with the goal of commercializing the technology. This
is important for the scientific community as new types of detectors are key for THz sci-
ence and technology to fulfill its potential.

My final remark is this: For anyone interested in joining research and innovation, this
PhD dissertation shows an example of the scale of academic output that can be achieved
from 3 years of such cross-disciplinary work. I conducted my research independently,
starting from previous results obtained in our research group. As for the innovation
activities, I started everything from scratch on my own initiative. Thus, this work beau-
tifully illustrates, through multiple subprojects and across several collaborations, the
value of bridging fundamental research with innovation to inspire novel industrial ap-
plications and use cases. The practical outcome of this has been the four patents listed
in Section 10.2.
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1 Simon Lehnskov Lange, Narwan Kabir Noori, Thea Maria Bjørk Kristensen, Kitty
Steenberg and Peter Uhd Jepsen, "Perspective: Ultrafast THz-driven electron emission
from metal metasurfaces," Journal of Applied Physics (submitted).

2 Simon Lehnskov Lange, Krzysztof Iwaszczuk, Matthias Hoffmann, Jes Broeng
and Peter Uhd Jepsen, "Ultrafast field-driven electron emission for polarity-sensitive
terahertz beam profiling," (in preparation).

3 Simon Lehnskov Lange, Naoya Kawai and Peter Uhd Jepsen, "A photomultiplier
tube with sensitivity in the entire terahertz and infrared frequency range," (in prepara-

tion).

4 Simon Lehnskov Lange, Jeppe Brage Christensen, Lars René Lindvold and Peter
Uhd Jepsen, "Direct injection of ultrashort electron bunches into a solid material using
terahertz-driven electron field emission," (in preparation).
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5 Simon Lehnskov Lange, Peter Uhd Jepsen, Naoya Kawai, Yasuhide Miyazaki,
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"Photo-cathode for a vacuum system", EPO application number EP19182534.8 (submitted
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8 Simon Lehnskov Lange, Peter Uhd Jepsen, Naoya Kawai and others (to be de-
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tube with sensitivity in the entire terahertz- and infrared frequency range," 44th Interna-
tional Conference on Infrared, Millimeter and THz waves, Paris, France, Septem-
ber 2019 (proceedings + keynote talk + 4th-7th place in student award competi-
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11 Simon Lehnskov Lange, Patrick Rebsdorf Whelan, Narwan Kabir Noori, Sarah
Elisabeth Hussein El Dib, Matthew Helmi Leth Larsen, Joachim Dahl Thomsen,
Peter Bøggild and Peter Uhd Jepsen, "Ultrafast terahertz-driven electron cold field
emission from graphene," Optical Terahertz Science and Technology, Santa Fe, USA,
March 2019 (talk).

12 Simon Lehnskov Lange, Lars René Lindvold and Peter Uhd Jepsen, "Direct in-
jection of ultrashort electron bunches into a solid material using terahertz-driven elec-
tron field emission," 43rd International Conference on Infrared, Millimeter and THz
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13 Simon Lehnskov Lange, Thea Maria Bjørk Kristensen, Krzysztof Iwaszczuk and
Peter Uhd Jepsen, "Space-time mapping of terahertz-induced electron field emission,"
42nd International Conference on Infrared, Millimeter and THz waves, Cancun,
Mexico, August 2017 (proceedings + talk).

14 Simon Lehnskov Lange, Krzysztof Iwaszczuk, Matthias Hoffmann, Jes Broeng
and Peter Uhd Jepsen, "Demonstration of a peak electric field sensitive THz camera,"
Siegman School on Lasers, León, Mexico, August 2017 (poster).
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15 Simon Lehnskov Lange, Filip Dahl Olsen, Krzysztof Iwaszczuk and Peter Uhd
Jepsen, "Fundamentals for a terahertz-driven electron gun," 17th International Confer-
ence on Numerical Simulation of Optoelectronic Devices, Copenhagen, Denmark,
July 2017 (talk).

16 Simon Lehnskov Lange, Krzysztof Iwaszczuk and Peter Uhd Jepsen, "Towards an
ultra bright THz-driven electron gun with femtosecond time resolution," The Mansion
Meeting, Rhode Island, USA, May 2017 (poster).

17 Simon Lehnskov Lange, Krzysztof Iwaszczuk, Matthias Hoffmann, Jes Broeng
and Peter Uhd Jepsen, "Demonstration of an electric peak-field sensitive terahertz de-
tector," Optical Terahertz Science and Technology, London, England, April 2017
(talk).
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