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Abstract

This thesis will explore the ultrafast modulation and optical tunability of plasmonic fil-

ters in the terahertz (THz) spectral region. First, the principles and functional design of

THz metasurfaces are explored through plasmonic surface lattice resonance interactions and

lumped-element circuit models. We will then describe the methodology of generating and

detecting THz radiation through the nonlinear processes of optical rectification and electro-

optic sampling, respectively. Next, the implementation of a THz time-domain spectroscopy

technique is discussed in the context of pump-probe measurements and time-domain res-

onance analysis. We then show how THz probed materials can be characterized in terms

of a temporal and spectral analysis. We will demonstrate how this time-domain technique

can allow us to characterize the interaction of plasmonic resonators with optically active

substrates and 2D nanomaterials. A completely tunable THz plasmonic notch resonance

is modulated utilizing a static and dynamic method of optical tunability in silicon. Active

tunability is also demonstrated in a graphene-based plasmonic resonator through the hot-

carrier multiplication effect. The significance of this work lies in the application of designing

controllable devices for future THz communication technologies.
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Chapter 1

Introduction

1.1 THz region of the electromagnetic spectrum

The frontier of terahertz (THz) science deals with the research and development of tech-

nologies that operate within the THz region of the electromagnetic spectrum. This region

is defined within the gap between the microwave and infrared spectra, typically between

30 µm to 3 mm, as depicted in figure 1.1 [2].

Figure 1.1: The terahertz (THz) region of the electromagnetic spectrum. Taken from [2].

The properties of THz radiation are interesting because they enable technologies that

are derived from both microwave and infrared applications [3]. Historically, the THz re-

gion was relatively unexplored compared to other regions of the electromagnetic spectrum,

1



CHAPTER 1. INTRODUCTION 2

deeming there to be a so called ”THz-gap”. This was mainly because of a lack of viable

THz sources and detectors. Semiconductor-based transistors, operating at and below the

microwave region, and laser sources, operating at and above the infrared region, did not

overlap in the THz region [4]. It was not until the advent of ultrafast high-intensity lasers

and the quantum cascade laser that optics and techniques for the generation, manipulation,

and detection of THz were explored [5, 6, 7]. In particular, the development of the THz

time-domain spectroscopy (THz-TDS) technique [8, 9, 10] brought about a rapid expansion

in the field of THz science. This is a spectroscopic technique in which the full time-domain

electric field amplitude and phase of a material can be strongly resolved. The field of THz

is now multidisciplinary with some notable applications and developments in chemical sens-

ing and recognition [11, 12], cancer detection [13, 14], next generation (6G) communication

technologies [15, 16, 17], and X-ray analogue (T-ray) security screening [18, 19].

1.2 Metasurfaces

One method of rectifying the issue of creating photonic components for the THz comes

through the use of metasurfaces: engineered structures of very sub-wavelength thicknesses,

typically periodic, in a plane atop a substrate. Metasurfaces modify and control incident

light in ways that natural materials cannot [20]. This has led to some novel interactions such

as negative refraction [21, 22], metalensing [23, 24, 25], enhanced nonlinearity [26, 27], and

optical cloaking [28]. THz metasurfaces are particularly effective because THz wavelengths of

operation conventionally require relatively thick optics and materials for sufficient interaction

and phase accumulation. In particular, THz metasurfaces have found applications as spectral

filters [29, 30], waveplates [31], and perfect absorbers [32]. While metasurfaces are clearly

applicable for the design of passive THz components, active tunability is a desired feature

for modern and commercially available photonic devices. Tunable THz metasurfaces have
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been demonstrated as phase modulators [33], optically tunable spectral filters [34, 1], and

gated split-ring resonators [35].

1.3 Outline

In this work, we are primarily interested in the active optical tunability of plasmonic THz

metasurfaces on an ultrafast timescale. The performance and dynamics of these devices will

be investigated with a THz-TDS technique. The remainder of this thesis will be structured

as:

Chapter 2 will be an introduction into the nature of a plasmonic resonance. The types

of surface plasmon resonances that can occur at a metal-dielectric interface will be discussed

in the context of THz applicability. A methodology for the creation of metasurface spectral

filters from plasmonic array resonances will be described in the context of dispersion match-

ing, lumped-element circuit models, and finite-difference time-domain (FDTD) simulations.

Finally, the properties of the materials experimentally explored for optical tunability, silicon

and graphene, are defined in terms of Drude-like conductivity models.

Chapter 3 deals with defining the technique of time-resolved THz spectroscopy and

the experimental implementation utilized in this work. The process of THz generation

and detection through the use of nonlinear crystals will be described in detail, with an

underlying background of the relevant nonlinear processes and effects. The implementation

of an experimental THz-TDS setup is explained in a step-wise manner in how near-infrared

ultrafast pulses can generate and probe single cycle THz electric fields. Finally, an example

analysis of a resonant THz time-domain transient is shown.

Chapter 4 pertains to the experimental results and discussion of metasurface tunabil-

ity. This will include the underlying substrate and material characterization of silicon, a

THz transparent cyclo-olefin polymer, and graphene. A modification to the THz setup is
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schematically depicted and explained to enable optical pump - THz probe measurements.

Several THz plasmonic resonator designs are then experimentally characterized and com-

pared to simulation. Static and dynamic schemes of ultrafast optical pump-probe tunability

are defined and compared. Observations of the near-complete control of a THz resonance

are shown, with simulations enabling and verifying explanations. Finally, a photoinduced

negative THz photoconductivity in graphene is demonstrated in a metasurface design, with

a corresponding characterization of the carrier dynamics of graphene.



Chapter 2

Theory

2.1 Plasmons

The field of plasmonics focuses on the behaviour of coherent free electron oscillations along

metal-dielectric interfaces. These oscillations are coupled to an incident electromagnetic

field and referred to as surface plasmon polariton (SPP) modes [36]. In the context of THz

metasurfaces, we are concerned with the localization of plasmonic modes in periodic metal

lattices on a surface.

2.1.1 Propagating surface plasmon resonances

There are two types of plasmonic resonances: propagating surface plasmon resonances

(PSPR) and localized surface plasmon resonances (LSPR). In the case of a PSPR, a metallic

structure is placed at a dielectric interface and has at least one dimension that is larger than

the wavelength of incident light. Figure 2.1 is a schematic depiction of this type of plasmonic

coupling. An electromagnetic field is incident onto the metal structure with a k wavevector,

not parallel to the structure. The field then couples with and excites free electrons in the

structure to create a PSPR that propagates along the metal-dielectric interface. Since this is

5



CHAPTER 2. THEORY 6

a resonant effect, the plasmon mode has an associated resonance length and the plasmonic

mode can reflect back and forth at the ends of the structure. In the case of a nanowire, as

depicted in the schematic of figure 2.1, the resonance condition is the Fabry-Perot condition

given by [37],

L = nλPSPR (2.1)

where L is the resonance length, λPSPR is the wavelength of the plasmonic mode, and n is

a positive integer. The resonance length describes the plasmon propagation distance along

the metal-dielectric interface at which the excitation intensity decays by 1/e as a result

of absorption in the metal. Additionally, since the metallic structure is larger than the

wavelength of the incident field, the excitation is not uniformly experienced.

Figure 2.1: Schematic of a propagating surface plasmon resonance. An incident electromag-
netic field couples to a metallic structure with a geometry that is larger than its wavelength.
The field excites free electrons in the metal to create a propagating plasmonic mode that
travels along the metal-dielectric interface. The plasmonic mode in the structure has an
associated resonance frequency, resonance length, and reflects at the boundaries. Adapted
from [36].
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A surface plasmon resonance (SPR) obeys a well known dispersion relation [38, 39],

kSPR = k0

√
εdεm

εd + εm
(2.2)

where εd is the dielectric constant of the medium, εm is the dielectric constant of the metallic

structure, and k0 is the wavevector of the excitation field. Throughout this chapter, the di-

electric functions are implicitly understood to vary as a function of frequency. The associated

resonance length of a SPR is given by [39],

LSPR =
1

2Im(kSPR)
(2.3)

and determines the length of plasmon mode propagation on the metal-dielectric surface.

2.1.2 Localized surface plasmon resonances

In the case of an LSPR, metal particles are placed in a plane with a metal-dielectric in-

terface as shown schematically in figure 2.2. The particle sizes are much smaller than the

wavelength of an incident time-varying electromagnetic field with an in-plane wavevector k

and they experience a uniform excitation. The time-variation of the excitation leads to the

displacement and oscillation of electrons in the individual particles. At a certain excitation

frequency which matches the electron oscillation frequency, a resonance can be achieved,

creating the LSPR mode.
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Figure 2.2: Schematic of a localized surface plasmon resonance. A time-varying electric field
travels in the plane of metallic structures that are substantially smaller than its wavelength.
The uniformly felt field displaces electrons in the structures in an oscillatory fashion. A
localized surface plasmon mode is defined at the resonance condition of the field-electron
oscillations. Adapted from [36].

The extinction cross section and quality factor of an LSPR in metallic spheres can be

calculated from Mie theory under the assumption of a small particle size compared to the

wavelength and are given by [40]. The extinction cross section accounts for optical absorption

and scattering and is calculated from,

Cext =
24π2R3ε

3/2
d

λ
[

εi
(εr + 2εd)2 + ε2i

] (2.4)

where R is the radius of the metal spheres, λ is the excitation wavelength, εr and εi are

the real and imaginary dielectric permittivities of the metal spheres, and εd is the dielectric

constant of the surrounding medium. The strongest resonance condition is achieved when

the extinction cross section is maximum, requiring εr=−2εd and εi approaching zero. The

quality of the resonance is best quantified through the quality factor [40],

Q =
ω(dεr/dω)

2(εi)2
(2.5)
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where ω is the radial frequency. The quality factor can additionally be defined as the ratio

between a resonator’s center-frequency and its full width at half maximum bandwidth. It is

clear that the properties of a LSPR are strongly controlled by the parameters of the metallic

structure and medium. The plasma frequency of a material is typically given by [39],

ωp =

√
Ne2

ε0m∗
(2.6)

where N is the carrier density, e is the electric charge, m∗ is the effective mass of carriers,

and ε0 is the free space permittivity.

2.1.3 THz plasmonics

The properties of metals at THz spectral ranges result in some notable distinctions between

optical and THz plasmons. The magnitude of metallic complex permittivities at THz wave-

lengths are very large relative to those at visible and near-infrared wavelengths [41]. In the

Drude picture, this is because metals have a large free electron density and consequently

a much larger plasma frequency than THz frequencies, increasing the relative permittivity

magnitude. When looking at the dispersion relation of plasmon waves, given in equation 2.2,

we can observe that having a large metallic dielectric constant relative to the medium results

in the plasmon wavevector tending to the value of the free space wavevector multiplied by

the dielectric permittivity [42]. This is seen from tending εm to infinity in the dispersion

equation to yield the following approximation,

kSPR = k0

√
εd(∞)

εd + (∞)
≈ εdk0 (2.7)

The large magnitude of complex metal permittivity also implies a negligible field penetra-

tion into the metal. For the dispersion relationship of an infinite metal-dielectric interface at
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THz wavelengths, the relatively smaller KSPR also implies a longer resonance propagation

length along the interface [43]. For the case of an LSPR type configuration, where there is

a lattice of subwavelength metallic elements under excitation, propagating surface plasmon

waves cannot exist. Instead, a plasmonic dispersion relationship can be constructed from

the lattice or grating parameters, treating the array as a quasicrystal [42].

2.2 Plasmonic spectral filters

In this work, we make use of THz spectral filters that consist of sub-THz wavelength plas-

monic microstructures in an array that covers the entire spatial region of THz excitation.

This array functions in the described LSPR plasmonic regime, in which standing plasmon

waves are produced by an effectively uniform electromagnetic field.

2.2.1 Plasmonic array metasurfaces

Metasurfaces typically consist of periodic arrays of subwavelength plasmonic structures that

are optically thin. In this configuration, the individual structures of the array are referred to

as meta-atoms and the entire structure is effectively considered to be two-dimensional. This

is a useful convention because a single, simple, subwavelength metallic structure, such as a

dipole element, is usually described in terms of a polarizability change caused by an incident

electromagnetic field [44], similar to an atom’s linear lorentzian response. In terms of the

plasmonic response, the modes supported by a single meta-atom are modified by the pres-

ence of its neighboring meta-atoms to alter its effective polarizability and also produce new

collective plasmonic array modes. The collective modes of interest, known as surface lattice

resonances arise when the periodicity of the metasurface is on the order of the resonance

wavelength of the meta-atoms [44]. In this regime, the far-field interaction of meta-atoms in

the array can constructively interfere to produce the collective resonance(s).
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As an example, a metasurface consisting of a metal square array on a dielectric substrate

is shown schematically in figure 2.3. As long as the thickness of the metal structures is

optically thin, on the nanoscale for THz metasurfaces, a square array is soley characterized

by its side widths (W) and lattice periodicity (P). Like the behaviour of plasmon modes at

singular metal-dielectric interfaces, the plasmonic response of a metasurface can be defined

by its dispersion relation. In the simple case of a square metasurface, the dispersion relation

is given by [45],

KSPR = kx ± nGx ±mGy (2.8)

where kx = (2π/λ)sin(θ) is the wavevector of the incident field in the metasurface plane,

Gx = Gy = 2π/P are the grating momentum wavevectors for a square array [45], and n, m

index the grating orders of the metasurface. This relation of course requires the periodicity

of the array to be larger than the width of the square metal elements.
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Figure 2.3: Schematic of a plasmonic array of sub-wavelength metallic squares on a dielectric
substrate.

2.2.2 Lumped-element circuit model

Another method of understanding the resonance properties of a plasmonic array is with an

equivalent lumped-element circuit treatment. Equivalent circuit models were first defined

in [46] for metal mesh spectral filters. In such a model, the metal mesh is either modelled

to be capacitive or inductive in nature, with the difference being whether the fill factor of

the design is positive or negative. The distinction, still utilizing the square array model, is

depicted schematically in figure 2.4.
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Figure 2.4: Schematics of capacitive and inductive square arrays. In an equivalent circuit
model for a metal mesh filter, the difference between a capacitive and inductive mesh is
determined by the metallic (grey) fill factor of the design, compared to the dielectric substrate
(light blue).

The equivalent RLC circuit is defined within an impedance matched transmission line

model in which the capacitive or inductive property is determined by the placement of the

lumped-elements [29]. For the work presented in this thesis, we utilize plasmonic metasur-

faces that consist of cross-shaped array elements [1]. These meta-atoms are ideal for char-

acterizing the plasmonic array responses because they function as two orthogonal metallic

dipoles. The array has a polarization independent dipole response in the form of a lorentzian

lattice resonance. The design and fabrication of the inductive cross meshes is well docu-

mented [29, 30, 47], but in this work we utilize capactive designs to create notch (band-stop)

filters. In a free-standing metal mesh design, Babinet’s principle states that the metal region

can be switched with the dielectric region to switch the transmission properties of a filter

to reflection properties and vice-versa [46]. The nomenclature of inductance or capacitance

derives from the fact that the electric susceptibility of an inductive design is inverted to

produce its corresponding capacitive design. The equivalent circuit model for a capacitive

cross mesh can be modelled utilizing the design procedure outlined in [46]. A transmission
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line model is shown in figure 2.5.

Figure 2.5: Transmission line equivalent circuit model of a capacitive cross mesh. The model
enables the determination of the transmissivity and resonance frequency of the plasmonic
filter array. Source and load resistances are matched to the characteristic impedance of the
transmission lines, Z0.

In this model, an equivalent RLC circuit representing the cross mesh filter is embedded

in a transmission line model. The AC source represents the incident electromagnetic field

onto the metasurface. Source and load resistors are utilized for impedance matching to the

line (Z0 = RS = RL). This is only useful to idealize the model, since if a transmission line

is not impedance matched, standing waves will form due to in-plane reflections [29]. The

capacitance and inductance values determine the resonance frequency by,

ω0 =
1√
LC

(2.9)

which can be used to determine the transmissivity of the mesh filter [46],

T (ω) =
R2 + Z2

0Ω
2

(1 +R2) + Z2
0Ω

2
(2.10)
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where ω is the radial frequency and Ω = (ω/ω0) − (ω0/ω). The relation of an equivalent

electrical circuit with lumped elements (i.e. capacitor, inductor, resistor) to the parameters

of a metallic mesh is as follows: In a simplified free-standing mesh, the periodicity (P) of

the mesh elements is defined as the inverse of the resonance frequency of the RLC circuit.

The inductor and capacitor values of the equivalent circuit are related to the distributed

inductance and capacitance values of the metal mesh elements. These distributed values

define the electrical susceptance and are directly related to the dimensions and geometry

(W) of the mesh elements. The resistance in the RLC component models the loss of the

metal mesh elements and depends on the conductivity of the metal used to create the mesh.

Empirically, a metallic mesh can be accurately modelled by an equivalent circuit model when

the grid ratio W/P < 0.2 [46]. This is because larger metal element dimensions contribute

to the electrical susceptibility of the grid, altering the resonance frequency. At microwave

frequencies, metal mesh design is typically accomplished with a microstrip transmission line

analysis, facilitated by harmonic balance frequency-domain simulations [48].

2.2.3 FDTD simulations

In this thesis, plasmonic metasurfaces are designed and simulated utilizing a finite-difference

time-domain (FDTD) technique. We use the FDTD software package of Lumerical Inc. [49]

to simulate periodic filter array responses in terms of power transmission and electromagnetic

field distributions. The basic technique of the FDTD technique involves solving Maxwell’s

curl equations in incremental fashion, given by [49] as,

∂D

∂t
= ∇×H (2.11)

and,

∂H

∂t
= − 1

µ0

∇× E (2.12)



CHAPTER 2. THEORY 16

where E is the electric field, H is the magnetic field, µ = µ0 is the magnetic permeability

under a nonmagnetic assumption, and D is the displacement field given by,

D(ω) = ε0εr(ω)E(ω) (2.13)

where ε0 is the electric free space permittivity and εr(ω) is the dielectric constant.

In the case of a three-dimensional simulation, the technique involves meshing the simula-

tion region into finite grids, known as Yee cells [50]. To outline the basic solving procedure:

At one instant in time, the electric field components of a Yee cell occupying one spatial

region are solved. At the next instant of time, the magnetic field components in the same

spatial region are solved. This process is repeated until the entire simulation region has

been evaluated for a given simulation time. The simulation time is determined by the time

it takes the electromagnetic field in the simulation region to decay to a specified minimum

value.

2.3 Optically induced carriers

One goal of the work presented in this thesis is the demonstration of optically tunable

THz metasurfaces. This is accomplished in one of two methods, either the substrate of the

metasurface is made to be tunable, or the plane of the metasurface is made to be tunable.

In the first case, we demonstrate the optical tunability of silicon in the THz region. In the

second case, we demonstrate the optical tunability of graphene in the THz region. In both

cases, the properties of these materials are understood in terms of a Drude or Drude-like

model.
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2.3.1 Properties of Silicon

Silicon is an indirect band-gap semiconductor which, in the THz region, can be very well

accurately modelled by a Drude model [51, 52, 53]. It exhibits a THz transmission of around

60% and a real part of the refractive index of 3.4 [54]. In the use of silicon as a metasurface

substrate, forming the metal-dielectric plasmonic interface, the real and imaginary part of

the refractive index determines the effective array periodicity and modifies the plasmonic

mode propagation length, respectively. Measured conductivity data that matches the bulk

float-zone silicon substrates utilized in this work can be found in [55]. This data can be fit

to a Drude model for FDTD simulation purposes and the interpretation of optical tunability

in silicon. The complex conductivity given by the Drude model is written [56] as,

σ(ω) =
σ0

1 + ω2τ 2
+ iωτ

σ0

1 + ω2τ 2
(2.14)

where τ is the scattering rate, ω is the radial frequency, and σ0 is the DC conductivity

contribution given by,

σ0 =
ne2τ

m
(2.15)

where m is electron mass, e is the electron charge, and n is the carrier density.

Experimentally, we are interested in the optical interaction of silicon with 515 nm light.

At this wavelength, silicon has an absorption length that lies within 1 µm [55]. This is

useful because most photogenerated carriers in the silicon substrate will be generated near

the plane of the metasurface. These generated carriers modify the Drude response of silicon

by increasing the real part of the refractive index, which will be shown to affect the effective

periodicity of a metasurface [1]. Furthermore, the free-carrier absorption near the metasur-

face increases the scattering rate and increases the plasmon loss. The Drude model is shown

to be very effective in modelling optically induced changes in silicon [57, 1].
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2.3.2 Properties of Graphene

Graphene is a well documented two-dimensional nanomaterial [58], consisting of periodic

hexagonal honeycomb lattice of carbon in a two-dimensional plane. The most important

characteristic of graphene is in its notably gapless band-structure, schematically depicted in

figure 2.6, in terms of energy-momentum diagrams. The doping concentration of graphene

is characterized in terms of its chemical potential, µ, defined by [59],

n =
(µ/ℏf)2

π
(2.16)

where n is the carrier density, f is the frequency and ℏ is the reduced Planck’s constant.

Figure 2.6: Schematic band-structure of doped and undoped graphene. (a) Depicts undoped
graphene with a chemical potential at E = 0. (b) Depicts an n-doped graphene band-
structure, in which E > 0 and (c) depicts a p-doped band-structure in which E < 0.

In figure 2.6 (a), the case of undoped graphene is depicted in which the chemical potential

µ at the crossing point between the graphene valence and conduction bands, defined at E = 0.

This is the configuration in which graphene is considered to be a semimetal. Figures 2.6 (b)

and 2.6 (c) depict the chemical potential of n-doped (E > 0) and p-doped (E < 0) graphene,
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respectively.

The optical conductivity of graphene can be written in terms of combined intraband and

interband contributions as [59],

σ(ω) =
e2ω

iπℏ

∫ ∞

−∞

|E|
ω2

df0(E)

dE
dE − e2ω

iπℏ

∫ ∞

0

f0(−E)− f0(E)

(ω + iδ)2 − 4E2
dE (2.17)

where E is the energy, ω is the radial frequency, h is Planck’s constant, e is the electron

charge, δ is an infinitesimal quantity used to avoid the pole, and f0(E) is the Fermi function

defined as,

f0(E) = exp[(E − µ)/T ] + 1 (2.18)

where T is the temperature. In the THz spectral region, intraband transitions dominate,

allowing for us to only consider the first term in the expression [60, 61]. Once integrated,

this term can be modified to take the same form as the Boltzmann-Drude model, with the

addition of a scattering term, iτ−1 [59]. The final expression for the intraband graphene

conductivity is given by,

σintra(ω) =
ie2|µ|

πℏ(ω + iτ−1)
(2.19)

and is implemented as a surface conductivity with our FDTD solver to model the intrinsic

doping concentration and scattering rates of experimentally produced graphene samples.

In semiconductors like silicon, optical doping increases THz photoconductivity and thus

lowers THz transmission, with larger carrier densities contributing to a larger transmission

attenuation. This follows through with the case of undoped graphene, which has been

reported to have a typical phonon emission dominated carrier relaxation process [62]. An

increase in photoconductivity similar to a semiconductive material is observed, but on a

smaller scale, due to the single atomic layer nature of graphene. The response of relatively

undoped graphene to increasing optical pump energies can be seen in figure 2.7 [63].
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Figure 2.7: An experimental plot of peak differential THz transmission in graphene, around
0.3-3 THz, as a function of optical pump energy. Data points are taken at the peak magnitude
response of an optical pump - THz probe measurement of undoped graphene, as seen in the
inset. Adapted from [63].

Here, the peak differential THz transmission of graphene sample is plotted as a function

of optical pump energy. The differential THz transmission is measured, in the inset, as a

function of optical pump - THz probe time delay and visualizes the THz carrier dynamics

of undoped graphene.

In contrast, photoexcited carriers in sufficiently doped graphene have been shown to

dominantly relax through a carrier-carrier scattering pathway in which energy is transferred

to secondary electrons in the conduction band [64, 65]. This creates a carrier multiplication

effect in which a sea of hot carriers is formed in the conduction band after a photoexcitation.

As a result, the higher carrier temperature lowers the THz photoconductivity of graphene,

and thus increases THz transmission. This process only dominates when there are sufficient

carriers in the conduction band to begin this carrier multiplication process, facilitated by

intrinsically doped graphene of large concentrations. The differential THz transmission as a

function of pump fluence is shown in figure 2.8 [64]. In this plot, figure 2.8 (a) shows the
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differential THz transmission as a function of optical pump - THz probe delay at two different

pump photon energies. (b) Shows that the the transmission change, while relatively small

in scale, is demonstratively linear with respect to absorbed photon density (proportional to

pump fluence) with a slope given by the photon energy.

Figure 2.8: THz response of optically pumped doped graphene. (a) Experimental plots of
differential THz transmission as a function of optical pump - THz probe time delay. (b) Plots
of peak differential THz transmission as a function of absorbed photon density (proportional
to pump fluence) and pump photon energy. Adapted from [64].

In this work we will utilize heavily p-doped graphene samples. This is both due to the

fabrication process of the graphene we use experimentally and to explore the effect of a

negative THz photoconductivity in addition to the positive photoconductivity of silicon, on

a metasurface. The carrier dynamics of silicon and graphene are similarly explored in terms

of optical pump - THz probe spectroscopy.
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Experiments

3.1 Time resolved spectroscopy

The experimental results that are discussed in this thesis are measured using a THz time-

domain spectroscopy (THz-TDS) technique. This is a time-resolved measurement with the

purpose of probing the electric field of THz pulse in the time-domain. We will discuss the

framework and experimental setup by which THz pulses can be generated and detected us-

ing the nonlinear optical processes of optical rectification and electro-optic sampling. In the

current state of THz detectors, there are no viable methods to measure the time-domain

response of a THz pulse electronically. Unlike the microwave region of the electromagnetic

spectrum, having a large enough circuit frequency response to detect broadband THz is not

technologically feasible. Also, even in terms of intensity detection, there are only relatively

few methods for detection, mostly utilizing thermal detectors or through carrier photogen-

eration in semiconductors [66, 67], and without comparable efficiency and responsitivity to

shorter wavelength detectors. Essentially, the technique of THz-TDS is accomplished in de-

tection by utilizing the generated THz to modulate the intensity of femtosecond near-infrared

pulses, much shorter in time than the picosecond pulse duration of THz pulses, which are

22
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then detected as a function of time utilizing silicon photodiodes. During this chapter, we

will explain the process of THz generation and the method of detecting the time-domain

response of a THz pulse utilizing near-infrared intensity detection.

3.1.1 THz generation

In the experimental setup, THz generation is accomplished through the second order process

of optical rectification in a nonlinear crystal.

Basic nonlinear optics background

In the linear optical case, the polarization, P (t), of a material depends on the linear suscep-

tibility, χ(1) of the medium and the electric field strength, E(t) of an incident optical beam.

In free space the relationship is given by,

P (t) = ε0χ
(1)E(t) (3.1)

where ε0 is the permittivity of free space. In a nonlinear medium, the polarization is further

generalized in a power series to account for nonlinear polarization responses and represented

by,

P (t) = ε0[χ
(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ...] (3.2)

where we can further compartmentalize the components of the polarization as a sum of the

linear and nonlinear contributions as,

P (t) = P (1)(t) + P (2)(t) + P (3)(t) + ... (3.3)

with the nonlinear component we are interested in, P (2)(t), being referred to as the second

order polarization, and χ(2) being the second order susceptibility. The polarization of the
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nonlinear media is presented as having an instantaneous response at time t, the applied

optical field, an assumption that only holds when the media is lossless and dispersionless

[68].

As will be further described nonlinear crystals used for THz generation that have second

order susceptibilities have non-centrosymmetric crystalline structures. In this work we utilize

gallium phosphide (GaP) crystals as non-centrosymmetric nonlinear media. These crystals

have the property of lacking an inversion symmetry in their structure. As a result, the time

averaged response of an applied electric field to a non-centrosymmetric crystal will not be

zero, since polarization response of such a media is directional. Figure 3.1 demonstrates

the different polarization responses of linear and nonlinear media to an applied monotone

electric field. It is clear when looking at figure 3.1 (d) that the time-averaged polarization

response is nonzero. In fact, it is from this averaged offset in the response that the optical

rectification effect used for THz generation arises from [69]. The presence or lack of inversion

symmetry in a nonlinear media also determines the parity of the harmonics of the applied

field that are included in the polarization response. In centrosymmetric media, only odd

harmonics of the applied field are present in the response while non-centrosymmetric media

have both even and odd harmonics. The inversion symmetry property of a nonlinear crystal

therefore determines the presence or lack of higher order electric susceptibilities. Crystals

with an inversion symmetry have no bulk χ(2) and cannot be used for THz generation.
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Figure 3.1: The difference between the nonlinear responses of centrosymmetric and non-
centrosymmetric media. (a) and (b) show the an applied monotone electric field and a
corresponding linear polarization response in a medium. (c) Shows the response of a nonlin-
ear medium with an inversion symmetry and (d) shows the response of a medium without
inversion symmetry. Adapted from [68].

Linear optical properties of materials are typically described using the Lorentz atomic

model in terms of a classical harmonic oscillator. This model describes the driving force

of an applied electric field on the position of electron which is bound to an atom. The

bound electron behaves as though it is part of a spring-mass system with the atom. In the

case of describing a solid material, one must take into account internal collisions between

electrons and emitted radiation due to acceleration with a dampening factor [70]. The
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electron displacement due to the presence of an applied optical field can be described by,

m
d2x

dt2
+mγ

dx

dt
+mω2

0x = −qEx (3.4)

where x is the position of the electron, m is the mass of the electron, γ is the dampening

factor, and q is the charge of the electron. While the second term in the equation describes

the dampening force on the electron, the restoring force is described by the third term.

Frestoring = −mω2
0x (3.5)

The displacement of the electron from the equilibrium position as a result of an applied

electric field is then easily understood from the corresponding potential energy function,

U(x) = −
∫

Frestoringdx =
mω2

0x
2

2
(3.6)

which is expected from a spring-mass system. If now, the electron displacement to an applied

field is nonlinear, we must modify equation 3.4 with a nonlinear term [68],

m
d2x

dt2
+mγ

dx

dt
+mω2

0x+max2 = −qEx (3.7)

where the parameter a describes the strength of the nonlinear interaction. The additional

term arises from assuming a nonlinear contribution to the restoring force on the electron,

coming from the nonlinear medium. The potential energy function that represents the non-

linear displacement in x can be calculated from,

Frestoring = −mω2
0x−max2 (3.8)
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leading to,

U(x) = −
∫

Frestoringdx =
mω2

0x
2

2
+

max3

3
(3.9)

Figure 3.2 compares the harmonic potential of a linear optical medium and the derived

anharmonic potential of a nonlinear optical medium. Since nonlinear term included in the

Lorentz displacement was second order, the anharmonic potential shown in this plot is for a

non-centrosymmetric medium.

Figure 3.2: Potential energy function of a linear (non-bold) and nonlinear (bold) Lorentz
electron displacement in a medium. Adapted from [68].

Finally, it is possible and useful for the analysis of the propagation of an electric field

through a second order nonlinear medium to separate the linear and nonlinear polarization

contributions in the electromagnetic wave equation. A modified, driven, nonlinear wave

equation can be defined as,

∇2E − 1

c2ε0

∂2D(1)

∂t2
=

1

c2ε0

∂2P (2)

∂t2
(3.10)
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where t is time and,

D(1) = ε0E + P (1) (3.11)

with c being the speed of light [68].

Optical rectification

In a basic analysis of driven nonlinear optical media, the incident electric fields are assumed

to be monotone continuous waves represented by E(t) = E0e
−iωt+c.c where E0 is a constant

field amplitude, ω is the radial frequency of the field, and ”c.c” is the complex conjugate of

the expression. This approximation is valid in our case for the conceptual understanding of

nonlinear dynamics because the generating electric field is the output of an ultrafast laser

source centered at 1030 nm. The Gaussian wavelength distribution of a typical laser output

is not spectrally broad enough to experience large changes in the optical properties of a

medium. For THz generation we are interested in the effect of optical rectification from

difference frequency mixing. So for a Gaussian laser source centered around 1030 nm, the

broadest THz wavelengths that can be generated are fundamentally limited by the broadest

wavelengths available from the source that impinges onto the nonlinear crystal. A schematic

representation is shown in figure 3.3.
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Figure 3.3: A schematic of difference frequency mixing to generate THz. The spectral
distribution of an input laser field to a nonlinear crystal is depicted. The amount of THz
frequencies that can be generated are fundamentally limited by the maximum difference of
the frequencies available in the source.

Here, an example laser output, similar to what is used in our THz setup, with a Gaussian

spectral distribution is depicted. For difference frequency generation, we care about the

difference between the bounding frequency components available in the input laser field, as

these components also bound the generated THz spectral distribution. It is for this reason

that ultrafast laser sources with broad spectra are utilized for the generation of THz pulses.

Thus, a basic analysis of sum and difference frequency generation can be done by assuming

the bounding laser input frequency components are the only field components impinging on

a second order nonlinear crystal. The incident field is represented as,

E(t) = E1e
−iω1t + E2e

−iω2t + c.c (3.12)

and taken as the input into the second order polarization contribution of the crystal,

P (2)(t) = ε0χ
(2)E(t)2 (3.13)
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where the terms are expanded to yield

P (2)(t) = ε0χ
(2)[E2

1e
−2iω1t + E2

2e
−2iω2t + 2E1E2e

−i(ω1+ω2)t

+2E1E
∗
2e

−i(ω1−ω2)t + c.c] + 2ε0χ
(2)[E1E

∗
1 + E2E

∗
2 ]

(3.14)

The relevant polarizations for difference frequency mixing, PDF (t), and optical rectification,

POR(t), are extracted from the fourth and last terms of the above expansion and written

standalone as,

PDF (t) = 2ε0χ
(2)E1E

∗
2e

−i(ω1−ω2)t + c.c (3.15)

and

POR = 2ε0χ
(2)(E1E

∗
1 + E2E

∗
2) (3.16)

Unlike the other second order polarization contributions, optical rectification does not have

an associated frequency term. This means that a static polarization is being created within

the nonlinear crystal. The amplitude of this polarization is proportional to the electric field

intensity. The explains the discussed offset of figure 3.1 (d) in the anharmonic nonlinear

polarization response of a medium.

Optical rectification in the context of THz generation

Now, in terms of a more complete picture, an incident pulse E(t) with a pulse duration of

180 fs and centered at 1030 nm, in our case, is focused onto a GaP generation crystal. The

input pulse is Gaussian and can be represented as,

Et = E0e
−at2eiωt (3.17)

where E0 is a scalar field amplitude, a scales the pulse duration, ω is a radial frequency,

and t is time. GaP is a non-centrosymmetric crystal that does have a second order electric
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susceptibility. Focusing the laser field onto the crystal and fine tuning its angular posi-

tion maximizes the susceptibility, which is a tensor field, and input field strength, thereby

maximizing the efficiency of second order nonlinear processes. Unlike the conceptual case

of optical rectification facilitated by monotone frequency field components with static field

amplitudes, we must consider the time-dependence of the Gaussian input pulse. Within the

crystal, difference frequency mixing between the broad spectral components of the ultrafast

pulse will generate frequency components in the far to mid infrared region. Since the fre-

quency components of the input pulse are significantly higher than the generated frequency

components, the difference frequency mixing effect in the context of THz can be well ap-

proximated by the optical rectification effect [71]. Consequently, since the temporal duration

of the input pulse into the crystal is much longer than its optical period of oscillation, the

nonlinear polarization generated by the optical rectification effect follows the pulse envelope

and is proportional to the square of the input field [69]. This interaction is depicted in figure

3.4, where the polarization as a function of time due to optical rectification is shown. This

time varying polarization acts as a driving source for the aforementioned nonlinear wave

equation and results in a generation of THz radiation. The spectral distribution of the THz

is bounded by all permutations of frequency mixing within the components of the laser input

field.
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Figure 3.4: A schematic of optical rectification. An incident electric field onto a second order
crystal is represented with a Gaussian envelope on the left. The effect of optical rectification
in the crystal is proportional to the magnitude of the incident field intensity. On the right,
optical rectification of the incident field is shown to produce a time varying polarization
trace of its envelope. This time varying polarization drives the generation of THz radiation.
Adapted from [69].

Phase matching condition in nonlinear crystals

As briefly mentioned before, maximizing the THz generation in a nonlinear crystal in terms of

both field strength and bandwidth is highly dependent on orientation, thickness, diffraction,

laser damage threshold, and what is known as the phase matching condition. For a zincblende

crystal, like GaP, in the point class of 4̄3m, the nonlinear polarization field that generates

THz depends on the orientation of the crystal [69]. Assuming an arbitrary electric field given

by,

E =


Ex

Ey

Ez

 = E0


sin(θ)cos(ϕ)

sin(θ)sin(ϕ)

cos(θ)

 (3.18)

the polarization of a zincblende crystal can be calculated following [69] as,
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PNL = 2ε0χ
(2)E2

0sin(θ)


cos(θ)sin(ϕ)

cos(θ)cos(ϕ)

sin(θ)sin(ϕ)cos(ϕ)

 (3.19)

where the polar angle θ and azimuthal angle ϕ are defined relative to the electric field

orientation and depicted schematically in figure 3.5. Remembering that the THz intensity

is proportional to the square of the nonlinear polarization in the crystal, we can calculate

ITHz(θ, ϕ) ∝ ε20(χ
(2))2E4

0sin
2(θ)[4cos2(θ) + sin2(θ)sin2(2ϕ)] (3.20)

Finally, since the generated THz is parallel to the nonlinear polarization in the crystal, the

THz intensity can be calculated to be maximized when the polarization field is in the [110]

plane, with ϕ = π
4
and θ = 0 [69].
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Figure 3.5: GaP crystal orientation relative to an incident electric field given in spherical
coordinates. The crystal is shown relative to planes defined by the Miller indices of [001],
[010], and [110].

Once the orientation of the incident laser field onto the generation crystal is optimized,

the efficiency of generated THz will then mainly depend on a defined coherence length in the

crystal. In the ideal case, the generated THz in the crystal propagates at the same velocity

as the near-infrared (NIR) input laser field, vTHz = vNIR. In this case, the generated THz

will be gradually increased in amplitude as it travels the length of the nonlinear crystal, in

a constructive manner. But this condition is very difficult to achieve in practice since the

crystal requires a refractive index match as well, of nTHz = nNIR, which is unlikely to be the

case. Instead, it can be shown that when the NIR input is faster than the generated THz
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wave, vNIR > vTHz, an optical coherence length, Lcoh, can be defined as [69, 68],

Lcoh =
cτp

nTHz − nNIR

(3.21)

where τp is the NIR pulse duration. As the thickness of a nonlinear crystal is increased

past the coherence length, the generated THz will become out of phase with the driving

second order polarization in the medium. Therefore, the THz radiation will continuously

destructively interfere while travelling through the crystal and tend towards zero. This

can also be understand as power from the THz wave reverse flowing into the frequency

mixing waves [68]. Therefore, utilizing a nonlinear crystal with a long coherence length

and ensuring that the crystal thickness is smaller than the coherence length is essential

for optimal THz generation. This applies to the generated spectral bandwidth of THz as

well. In general, while still below the coherence length, thicker crystals can achieve a larger

intensity of generated THz but a smaller bandwidth and thinner crystals can generate a

larger bandwidth but at a lower intensity.

Finally, it is important to note that nonlinear optical crystals have dispersion at both

NIR and THz wavelengths. Since the refractive index in a dispersive medium varies with

frequency, the group and phase velocity of a pulse also differ, respectively with

Vg(ω) =
∂ω

∂k
(3.22)

and

Vp(ω) =
ω

k
(3.23)

where k(ω) = n(ω)ω
c
. A well known phase matching condition for THz generation in a

dispersive medium requires the NIR group velocity to travel at the phase velocity of THz

[72]. In this case, the envelope of the NIR input field matches the phase of the generated
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THz. For a broadband THz pulse generated in a dispersive medium, the phase matching

condition requires the NIR group velocity to match the phase velocity of the central THz

spectral component [69]. The coherence length in the dispersive regime is given by,

Lcoh =
cτp

(ng − nTHz)
(3.24)

where ng is the group index of the NIR input field.

3.1.2 THz detection through electro-optic sampling

Detection of the THz electric field in both amplitude and phase is not accomplished by

directly detecting THz pulses. Rather, the THz pulse is convoluted with a NIR probe pulse

in another nonlinear crystal and the THz-induced change on the crystal is monitored using

a NIR detector. This convolution is done through an electro-optic sampling scheme utilizing

the second order Pockels effect. This effect can be seen as the inverse of optical rectification

when the nonlinear medium is dispersionless. The Pockels effect describes how a static

electric field on a crystal can induce birefringence in the medium [68]. In comparison to

NIR frequencies, THz frequencies are much smaller, relatively, and can be approximated as

being DC. The generated birefringence of a NIR and THz pulse incident on a second order

nonlinear crystal, GaP in our case, is given by

P (ω) = 2ε0χ
(2)ENIR(w)ETHz(0) (3.25)

Thus, electro-optic (EO) sampling is achieved as a detection scheme by focusing THz onto

the detection crystal along with a NIR probe pulse. The probe pulse will experience a

birefringence that is proportional to the THz electric field amplitude, which it experiences

as static. The THz amplitude can be detected using a balanced detection scheme shown in
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figure 3.6.

Figure 3.6: Schematic of EO sampling and the polarization optics utilized to detect the
amplitude of a THz pulse. A NIR probe is spatially overlapped with THz in an EO crystal.
THz is approximately experienced by a NIR pulse as a static electric field, which induces
birefringence in the crystal. The linear input polarization of the NIR probe is then slightly
modified and detected using balanced photodetectors to measure ellipticity in polarization.
The polarization change is quantified by measuring the intensity difference of the detectors
and is proportional to the THz amplitude. Adapted from [69].

Following the spatial overlap of the NIR probe and THz pulse in the EO crystal, the

probe, which is initially linearly polarized, experiences a change in polarization due to the

quasi-static THz amplitude. The probe is then passed through a quarter waveplate where

the small polarization change induced by the THz results in a slightly elliptically polarized

output. The elliptically polarized NIR field is then passed through a Wollaston prism and

into two balanced photodetectors. The detection scheme measures the intensity difference

between the orthogonal components of the probe pulse after the Wollaston prism. The
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intensity difference is proportional to the THz field amplitude. In the case where there is no

THz incident on the EO crystal, the NIR probe pulse maintains a linear polarization after

passing through the crystal, becomes circularly polarized after the quarter waveplate, and the

Wollaston prism splits its orthogonal components equally onto the balanced photodetectors.

The intensity difference in this circumstance will be zero, corresponding to having no THz

amplitude.

Finally, to extract the complete phase profile of the generated THz pulse, we make use

of the temporal duration of the probe. The THz pulse does vary as a function of time, with

a pulse duration in the picosecond range. The THz is described as quasi-static in amplitude

because the NIR probe pulse duration lies in the femtosecond range. Therefore, when the

THz and NIR probe are spatially overlapped in the EO crystal, the probe does not experience

the amplitude variation of the THz, allowing the THz to effectively be treated as a static

electric field in the crystal. Instead, to measure the amplitude variation of the THz pulse as

a function of time, the temporal delay between the THz and NIR probe is scanned using an

optical delay stage. The result of this scanning is depicted in figure 3.7. An experimental

measurement of a THz transient is shown in black, with the individual datapoints shown

as red dots. Each one of these points represents a measurement of the THz amplitude at a

given NIR pulse temporal position. A NIR pulse train is schematically depicted above the

plot to indicate the time of convolution in the EO crystal. Since the polarization change

in the NIR probe is a function of THz field amplitude, it is straightforward that the peak

intensity difference occurs when the NIR probe is temporally overlapped with the peak of

the THz pulse at t = 0. The resolution of the THz time-domain scan is determined by the

step-size of the delay stage utilized to temporally scan the NIR probe pulse.
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Figure 3.7: A THz transient (black) is plotted along with individual datapoints corresponding
to the detected THz amplitudes (red dots). Each datapoint corresponds to a convolution
between the NIR probe and THz amplitude in the EO crystal. Since the arrival time of
the THz pulse onto the EO crystal remains constant, the temporal delay of the NIR probe
can be temporally scanned to measure the THz amplitude as a function of time. A train
of NIR pulses are schematically represented (red) interacting with the THz pulse at various
temporal positions.

3.1.3 THz experimental setup

The methods of using optical rectification and EO sampling to generate and detect THz are

implemented in practice using the experimental schematic depicted in figure 3.8.
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Figure 3.8: Schematic of our experimental THz-TDS setup. A 1030 nm ultrafast source
is split into a THz generation path and a NIR probe gating path. The generation path
produces THz based on optical rectification in GaP, focuses the THz for interaction with
spectroscopy sample, and then focuses the resultant THz onto another GaP crystal for EO
sampling. The gating pathway enables a temporally delayed NIR probe, using a two-mirror
delay stage, to interact with the EO sampling crystal and the successive polarization optics
for detection.

In this scheme, we utilize a Yb:KGW ultrafast laser source, ”NIR laser”, that produces

180 fs pulses centered at 1030 nm. The pulse energy of the laser is electronically tunable

with repetition rates varying from 1 kHz to 1 MHz in frequency. The average power of the

source is variable up to 6 W. For the metasurface optical tunability experiments discussed in

this thesis, the laser source is operated at a 6-10 kHz repetition rate with an average power

of 3-6 W.

The laser output into the THz setup is then split into a THz generation line and the

NIR probe used for detection, designated as the gating line. The generation line is focused
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into a GaP crystal to produce THz through optical rectification. As mentioned previously,

the orientation of the crystal is optimized for maximum THz generation and the thickness

is selected based on the desired spectral broadness of the THz, usually between 0-6 THz.

Generated THz diverges outwards from the crystal and is collimated by a the first parabolic

mirror after the crystal. A germanium (Ge) wafer is placed in the first collimated region to

reflect the NIR pulses that transmit through the crystal while passing the generated THz

pulses. The second parabolic mirror brings the THz to a 0.5-1 mm focus, at which samples

for experiments are typically placed, and the third parabolic mirror recollimates the THz

after the focus. Finally, the THz passes through a silicon (Si) wafer and is focused by the

fourth parabolic mirror onto a second GaP crystal to generate a quasi-static field through

the Pockels effect.

The gating line of the setup has the NIR probe pulses travelling along a two-mirror

delay stage, depicted in gray. The NIR probe is then reflected off of the Si wafer and

fourth parabolic mirror in the setup to spatially overlap with the THz in the second GaP

crystal. The purpose of the delay stage is for the temporal control of the NIR probe relative

to the generated THz pulse. As described in the EO sampling process, the NIR probe is

temporally shifted over picosecond time durations in order to monitor the change in THz

amplitude overtime and reconstruct the THz pulse field in detection. The time step size of

the monitored THz field is determined by the positional step size of the delay stage. After the

EO crystal, the NIR probe interacts with the aforementioned polarization detection optics

and balanced photodetectors. The balanced photodetection scheme is aided by a lock-in

amplifier detection process with an optical chopper placed in the generation line. Finally,

the entire THz setup is enclosed by plexiglass box and purged with dry air. This is done

because of the very high absorption of THz by humid air.
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3.1.4 Time windowing and spectral analysis

As explained, the full electric field amplitude and phase of single cycle THz pulses are

monitored through EO sampling; a process in which the position of a THz pulse is temporally

static and a NIR probe is temporally scanned to gradually monitor the THz amplitude.

The time duration of a THz scan is fundamentally limited by the positional step size and

maximum displacement of the delay stage. The time window that bounds the scan duration is

selected to ideally not include the first back reflection of the THz probe. This is a reflection

occurring at the back surface of a crystal which is then reflected back again at the front

surface of a sample, eventually being detected (time domain analogue of the Fabry-Perot).

Most commonly, the first back reflection will be generated in a spectroscopy sample or from

the THz generation crystal. Figure 3.9 shows a THz scan in air (no sample) long enough to

capture the first back reflection produced by the generation crystal.

Figure 3.9: Example of a THz scan with a back reflection present (solid line). A windowing
function to smoothly cut out the back reflection for the purpose of Fourier transformation
is applied (dashed lines).
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An important aspect of a spectroscopy technique is the analysis of the spectral response

of a sample. In THz-TDS, this is achieved with a Fourier transformation of the time-domain

transients. The presence of back reflections in a time-domain scan will result in Fabry-

Perot interference features in the frequency-domain, which can hinder and obscure a sample

analysis. In the experimental example shown in the plot, the first back reflection appears

well after the main THz peak. In this case, we can remove this peak by either adjusting

the scan duration of the delay stage to avoid scanning the back reflection or we can apply a

windowing function in the data analysis. But, it is not ideal to remove the back reflections

from the time-domain data by zeroing them because the resultant Fourier transform will

contain false harmonics cause by the artificially introduced sharpness. Instead we apply

exponentially decaying functions around the main THz transient to smoothly cut out back

reflections from the data. In the plot, an example of a windowing function is depicted by

the dashed lines. This particular function is given by,

fwindow(t) = exp[−(t− tmin)
6 − (t− tmax)

6

w6
] (3.26)

where tmin and tmax bound the windowing region and w determines the sharpness of the cut-

offs. Additionally, in some cases, particularly in the spectroscopy of thin samples with low

refractive indices, the first back reflection can appear within the pulse duration of the main

THz pulse. In a case like this, we typically incorporate a thick THz transparent substrate on

the sample to artificially increase the time before the first back reflection appears, allowing

for a windowing function to be applied.

As mentioned, the transformation of the time-domain data into the frequency-domain is

done utilizing a Fourier transform defined as

E(ω) =
1√
2π

∫ ∞

−∞
E(t)e−iωtdt (3.27)
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In practice, this is applied during data analysis utilizing a discrete fast Fourier transform

(FFT) with added apodization. The Fourier transform of the windowed time-domain tran-

sient of figure 3.9 is shown in figure 3.10.

Figure 3.10: An example Fourier transform of an experimentally acquired THz scan. The
plot is shown in the log scale to demonstrate the usable THz bandwidth before the noise
floor.

In this frequency-domain plot, we show a THz spectrum in the log scale to highlight a

typical bandwidth. The reliable bandwidth of a spectrum is selected based on the amplitude

of the noise level, which appears after 5 THz in this spectrum. A broad THz bandwidth

is experimentally achieved by utilizing thin generation and detection crystals, a 200 µm

thickness in this case.

3.1.5 Analysis of resonances in the time-domain

While the analysis of resonators will be investigated in much more detail in Chapter 4,

here we will introduce an example of THz-TDS on a resonating sample. We prepare two
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samples for analysis: one sample of solid-state glucose in a powder form, enclosed by layers

of a transparent polymer substrate, and one reference sample of layered polymer substrates

without glucose. A time-domain, post windowing, plot of sample scans is presented in figure

3.11. The black curve represents the reference sample and the red curve represents the

glucose sample. The presence of glucose is characterized by a resonance at 1.4 THz and a

strong absorption at higher frequencies [73]. In the time-domain, this absorption can be seen

by the low peak amplitude of the glucose scan compared to the reference. The resonance is

identified by the ringing oscillations that proceed the peak amplitude and gradually decay

over 6 ps. For the analysis of resonances, the frequency domain is essential for a complete

picture, shown in figure 3.12.

Figure 3.11: Plot of the THz time-domain response of glucose (red) compared to a reference
empty sample holder (black). A windowing function has been applied to this data.

Looking at the Fourier transform directly reveals the distinct glucose resonance around

1.44 THz and the strong absorption loss that follows. Having a reference scan is useful in
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THz-TDS to differentiate between spectral features that are present in the THz setup and

features that are present because of the properties of the sample.

Figure 3.12: Plot of the THz spectral response of glucose (red) compared to a reference
empty sample holder (black).

To make use of the reference in this thesis, we will directly show plots of the intensity

transmission of THz scans proceeding time-domain plots. The intensity transmission is

calculated after the Fourier transform is applied and given by,

T (ω) =
|ESample(ω)|2

|EReference(ω)|2
(3.28)

where ESample(ω) is the electric field spectrum of the measured sample and EReference(ω)

is the electric field spectrum of a reference measurement, typically air or a substrate. In

the case of this particular measurement, the sample field is the FFT result of the glucose

scan and the reference is the FFT result of the reference scan. The transmission is plotted

in figure 3.13. In the transmission plot, the resonance and subsequent THz absorption of
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glucose at higher frequencies is now blatantly clear.

Figure 3.13: Plot of the THz intensity transmission of glucose

Finally, in the experimental results that are presented in this work, resonances will be

analyzed utilizing curve fitting software and the assumption of Lorentzian-like line shapes.

The curve fitting function utilized is given by,

f(ω) =
1

π

1
2
Γ

(ω − ω0)2 + (1
2
Γ)2

(3.29)

where Γ is the full width at half maximum (FWHM) of the resonance and ω0 is the center

frequency of the resonance.
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3.2 Sample fabrication

The process of creating viable samples for THz metasurface characterization requires the

fabrication of modelled/simulated plasmonic arrays onto characterized substrates with well

known properties.

3.2.1 Metasurface fabrication

All plasmonic metasurface structures utilized in this work are fabricated using photolithog-

raphy in combination with electron-beam evaporation. Once the plasmonic array is designed

using a single element periodic FDTD simulation, in the process described in chapter 2, a

corresponding photomask is created. The photomask defines the geometrical design of the

entire array region, which is typically a 2.5 cm2 area in this work. The photomask is then

utilized with a photolithography process on a positive-tone resist to create the plasmonic

array and structures. Finally, a metal, gold or silver, fills the array through electron-beam

evaporation.

3.2.2 Role of the substrate

The selected substrate is critical to the performance of the metasurface. In many cases,

complete material data is not readily available in the THz region. Therefore, THz-TDS is

utilized in this thesis to first characterize the THz transmission of substrates, as will be shown

in chapter 4. Once potential substrates are confirmed to have a high THz transmission and

a low absorption in the bandwidth of interest, they are simulated with a plasmonic array

design on a surface. The real part of the refractive index of a substrate directly determines

the resonance frequency and resonance quality of a plasmonic structure. The interaction

between the substrate and metasurface additionally causes a performance dependence on

the imaginary part of the substrate index. Strong absorption loss in a substrate will rapidly
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decay the plasmonic modes in the metasurface, limiting the peak performance of the design.

The ideal substrate for a THz metasurface has a high THz transmission, a low refractive

index/ Fresnel reflection coefficient, a low absorption, a high optical damage threshold, and

a large heat resistance.



Chapter 4

Results and discussion

4.1 THz substrate and material characterization

4.1.1 Zeonor

Here we provide an example of an experimental substrate characterization in the THz.

Zeonor (Also known as Zeonex) is a commercially available cyclo-olefin polymer that is

known for having excellent mechanical properties, high transmittance in the visible and THz

spectral regions, and a very frequency stable refractive index of 1.531 at THz frequencies [74].

Utilizing the spectroscopy techniques described in the previous chapter, the time-domain re-

sponse of a 188 µm thick layer of zeonor is collected.

50
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Figure 4.1: Time-domain THz transients of air (black) and a 188 µm thick zeonor sample
(red) are shown with an amplitude normalization to air. The applied time-windowing func-
tions, before zero-padding, are shown with dashed lines.

In figure 4.1, a plot of THz transients through air (no sample) and the zeonor sample

are shown. The air transient is taken as a reference to this data and used for amplitude

normalization. The total time duration of these transients is decided by the time it takes

back reflections in the THz setup to arrive at the detection crystal. Furthermore, an equal

time window is applied to both transients in order to cut out a back reflection from the

zeonor sample itself. The first round trip travel time of THz in 188 µm zeonor can be

calculated to occur after 1.92 ps, and can be seen in the plot arriving after the zeonor time

window (red dashed line). After the zero-padding defined by the time-windowing functions

is applied, the FFT of the transients can be taken in order to calculate the air referenced

intensity transmission of zeonor.
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Figure 4.2: An air referenced intensity transmission of zeonor characterized in a broadband
THz range

Figure 4.2 shows a plot of the broadband THz transmission through zeonor. Similar to

commercial characterization in [74], transmission ramps from the lower THz frequencies to

values of T > 90%. The large THz transmission of zeonor, in combination with its versatile

material properties, and tolerance of most clean-room solvents allows us to use it as a general

substrate for many THz characterization applications.

4.1.2 Silicon

Silicon is an interesting material for many active THz devices. In the THz spectral region,

silicon has a refractive index around 3.4 [54] and a transmission of around 60%, limited by

the corresponding Fresnel reflection coefficient. Since silicon is a known indirect bandgap

semiconductor material, typically used in photovoltaics, substrate thicknesses in the millime-

ter ranges are typically needed to obtain significant visible light absorption to photogenerate
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carriers. A thick silicon substrate is very interesting to investigate using THz time-domain

spectroscopy for two reasons: The large refractive index and thickness of silicon will re-

sult in a significant delay before the first back reflection of the probing THz pulse arrives

at the detector; this makes isolating the probe to a single cycle pulse and windowing the

time-domain data much simpler. Additionally, Silicon is opaque to visible wavelengths and

has, for example, a 1/e absorption within 1 µm at 515 nm [75]. Using a 0.9 mm sample of

float-zone silicon, we have explored the THz response in the time-domain.

Figure 4.3: Time-domain transients through both silicon (blue) and air (black). The ampli-
tudes are normalized to that of air. Windowing functions that are used on the transients are
shown in dashed lines of the corresponding plot colour.

Figure 4.3 shows two THz transients, one through the silicon sample and one through

air. The amplitude is normalized to the air reference peak and the windowing functions

are again shown with dashed lines. Due to the aforementioned benefits of using silicon,

we can immediately observe three stark differences between the previous zeonor sample

and silicon. First, the silicon transient has a substantial 7.2 ps time delay from the reference
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transient. Second, the silicon transient does not have any substrate back reflection in the full

measurement range. There is an artifact that does appear outside of the defined windowing

function, but this feature is present after the reference transient as well and indicates that

it arises from a reflection in the setup. Finally, we can also see from the time-domain that

THz transmitted through silicon experiences a significant decrease in amplitude.

Figure 4.4: An air referenced intensity transmission of silicon

We can then look at the Fourier transformed intensity transmission in figure 4.4 to see a

value within 50-60%, in agreement with commercial high resistivity float-zone silicon mea-

surements [76]. The general takeaway from this characterization is that using silicon sim-

plifies time-domain analysis. The substantial transmission delay through the sample results

in the THz back reflections in silicon to arrive much after the useful measurement range in

time and can effectively isolate a single-cycle response, at a cost of a lower transmission than

zeonor.
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4.2 Pump-probe measurements

We utilize two methods of pump-probe THz spectroscopy in which the ultrafast laser source

used to generate THz which impinges on the sample. Since we are using an ultrafast pump

source, we require careful spatial and temporal alignment. A modification to the previously

shown THz setup is made to include a split-off ultrafast pump source, shown in figure 4.5.

Figure 4.5: A modification to the THz setup schematic that allows for a 515 nm ultrafast
pump that spatially and temporally overlaps with generated THz. A delay stage in addition
to a second harmonic generating (SHG) crystal, and shortpass filter (SPF) enables this
temporally overlapped split-off from the 1030 nm femtosecond source.

The 1030 nm ultrafast source used to generate THz is split-off into a pump-line. A delay

stage and a series of mirrors are used to extend the pathlength of the pump line so that it

falls within a similar pathlength to the THz generation line. A delay stage also allows us

to achieve precise temporal control and time-domain pump monitoring around the region

of optical pump - THz probe overlap. This specific setup modification is made to show the

typical pump configuration we use for metasurface samples, converting the source wavelength
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to 515 nm. A telescope is used to inject the ultrafast pump into a second harmonic generation

(SHG) crystal and a shortpass filter (SPF) blocks any 1030 nm light from entering the THz

setup. The ultrafast pump is focused onto the sample, typically at the THz focus. Spatial

overlap is initially achieved using a pinhole at the THz focus and further optimized along

with temporal overlap by using a silicon sample for calibration.

4.2.1 Optically-pumped plasmonic resonators on Si

In an investigation of ultrafast device tunability, there are three aspects to focus on. The

function of an optically tunable THz device requires a response to a photoinjected carrier

density that affects the device transmission in the THz. We first demonstrate optical tun-

ability in silicon, as mentioned before, this is a material that has a clear response in the THz

and is known to have a strong near-surface absorption of visible wavelengths. Using silicon

as a substrate, we then pattern a metasurface plasmonic array with a notch filter response

in the THz. Figure 4.6 a) shows a schematic of this structure and a visualization of incident

THz and visible wavelength pulses.
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Figure 4.6: a) A schematic of a THz plasmonic resonator array on a silicon substrate. THz
and visible wavelength pulses are incident on the device to depict the process of optical pump
tunability. The geometry and periodicity of the cross array determines the THz resonance
response b) A plot of the Fourier transformed time-domain response of a silicon reference
and two filter arrays with different geometrical parameters [1].

The device consists of a float-zone silicon substrate of 0.9 mm thickness. The patterned

array of gold crosses has a thickness of 200 nm with planar geometries of micron sizes.

The gold crosses individually have a dipole-like response, with the main benefit of the cross

geometry to achieve a symmetrical response to incident light. Depending on the array

periodicity, cross arm length, and width, the THz resonance frequency, full width at half

maximum (FWHM), and notch transmission can be precisely designed. Figure 4.6 b) is

a plot of the Fourier transformed time-domain responses of a bare silicon reference and

two filter devices with different geometries. The plots are normalized to the bare silicon

reference. A microscope image of a cross array sample is presented in figure 4.7. Since the

geometrical dimensions of these arrays are in the micron range to facilitate a THz response,

we very clearly see how defect-free a fabrication can be compared to nanoscale dimension
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metasurfaces for optical wavelengths.

Figure 4.7: Microscope image of a gold cross plasmonic resonator on a silicon substrate

Optically-excited Si probed with THz

The goal of using silicon as a material for optical tunability on ultrafast timescales is to

take advantage of the aforementioned long carrier recombination time. We can demonstrate

the effect of these carrier dynamics by doing optical pump - THz probe on a bare silicon

sample with the setup configuration in figure 4.5. By doing a time-domain spectroscopy on

the carrier dynamics of a material, we are referring to observing the pump induced change

of the THz response as a function of time. In chapter 3, the process of THz-TDS can be

summarized in terms of monitoring different points of a picosecond THz electric field in

femtosecond step sizes. To observe the pump induced change of a THz response, we are



CHAPTER 4. RESULTS AND DISCUSSION 59

instead monitoring a fixed point of the THz electric field, in this case the peak field value,

while temporally moving the optical pump to and away from its overlap with the THz probe.

This is accomplished by moving the pump delay stage in the THz setup while keeping the

gating delay stage at the position of the peak THz field. A time-domain scan of the silicon

carrier dynamics is plotted in figure 4.8.

Figure 4.8: A time-domain scan of the carrier dynamics of silicon. The temporal delay
between an optical pump and the fixed peak field (red dots) of a THz probe is varied over
a range of 20 ps. Negative pump-probe delays are defined as the THz probe arriving before
the pump and 0 ps is defined as the pump-probe overlap. A moving mean of 1 ps (black
dashed lines) is plotted for visual clarity.

In this plot, the peak THz amplitude is shown to change in the presence of a 515 nm

180 femtosecond pulse with an intensity of 1.4 GW/cm2. A pump-probe delay of 0 ps is

defined as the temporal overlap between the optical pump and THz probe. Negative delays

are defined as the THz probe arriving before the pump and positive delays are defined as

the pump impinging upon the sample before the THz probe arrives. The pump delay stage
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is scanned over a range of 20 ps with a step size of 100 fs; the corresponding data points are

shown as red dots in the plot. The black dashed line is a plotted 1 ps moving mean of this

data for visual clarity. In this case, the moving mean is defined by taking the mean value

of a sliding window in a dataset [77]. Where the mean of a sliding window subvector within

the larger dataset vector is defined as,

µ =
1

N

N∑
i=1

Ai (4.1)

where Ai is the sliding window subvector and N is the length of the sliding window. Looking

at the plot with this insight reveals the nature of the long carrier recombination time in

silicon. Once the pump begins to temporally overlap with the THz probe and is in the

regime of arrival before the probe, the peak THz field experiences a sharp exponential decay

due to free carrier absorption. In terms of a single cycle picosecond THz pulse, the response

of silicon to an optical pump effectively behaves in a step-like manner and the entire THz

probe will experience a uniform absorption when transmitting through pumped silicon.

When measuring the carrier dynamics of silicon, a strong intensity pump is used to induce

a large free carrier absorption in silicon and saturate the response. This is done to highlight

the sharp exponential decay of the peak THz field at the pump-probe overlap. For practical

applications in tunability, it is useful to characterize a gradually increasing pump intensity in

silicon that does not saturate the THz transmission. To do so, we take standard THz-TDS

scans of optically pumped silicon with various pump intensities, plotted in figure 4.9.
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Figure 4.9: THz transients of air and silicon with different photoinjected carrier densities.
A 515 nm ultrfast pump impinges on a silicon sample with different intensities. A carrier
density value is extracted from FDTD simulations of a Drude silicon model.

Here we have time-domain scans of an air reference, unpumped silicon, and optically

doped silicon. The optical doping of silicon is given in terms of a carrier density value;

this value is determined through FDTD simulations of optically doped silicon using a drude

model. The ”unpumped” value can similarly be simulated by matching an intrinsic carrier

density (n=1×1013 cm−3) drude model to experimental results. The simulations are matched

with experimental results for a pumped resonator on silicon device. In the next section, we

will highlight why this approach makes for an easy modelling tool and why these particu-

lar optical doping concentrations are chosen for this experiment. In this experiment, the

only parameter being changed in the experimental setup is the ultrafast pump attenuation

achieved with ND filters. The generated THz intensity remains unchanged. From the sili-

con transients it can be seen how the first three doping concentrations gradually lower the

THz field amplitude, while the n=3×1017 cm−3 transient and those that follow experience
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a much stronger attenuation. This is even more obvious when looking at the corresponding

transmissions in figure 4.10.

Figure 4.10: A plot of air referenced intensity transmission of optically doped silicon.

In the air referenced intensity transmissions of the pump silicon transients we can see

the difference between the gradual and drastic attenuation. In the case of resonator optical

tunability, we note that any photoinduced carrier density above n=3×1017 cm−3 put our

silicon resonators in a regime of complete saturation. It is important to note that these optical

doping concentrations were established by the pump pulse impinging on the silicon sample

100 ps before the THz probe arrived. Therefore, there is no significant carrier recombination

at the time of the THz probe arrival.

Optically-excited THz plasmonic resonator on Si probed

A plasmonic resonantor with a notch spectral filter response is extremely useful for measuring

pump-induced change in a sample. Resonances can be engineered to reach strong modulation
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depths and Q factors, allowing them to become very sensitive to any losses, in our case,

due to free-carrier absorption in the pumped substrate. Two methods of optical pumping

are investigated, one regime, static pump-probe spectroscopy, is done by injecting an optical

pump pulse well before the THz probe arrives. This static case is exactly what was presented

in the previous silicon pump-probe measurements.

Figure 4.11: A schematic depicting a static pump-probe regime. An optical pump photoin-
duces carriers near the surface of a plasmonic filter 100 ps before the arrival of a THz probe
pulse. The THz probe experiences a pump intensity dependent attenuation when trans-
mitted through the resonator. The free carrier absorption loss is very easily monitored by
observing the amount of dampening experienced by the spectral resonance of the filter.

A schematic of the static pump-probe regime is shown in figure 4.11. Here we depict a

515 nm 180 fs pump photoinjecting carriers near the surface of a silicon substrate with a

patterned gold cross plasmonic array atop. A THz pulse arrives 100 ps after the pump and

transmits through the notch filter device. The interaction of the pulse with the resonator is

shown with a residual ringing tail upon transmission. The entire THz transient experiences

a free-carrier absorption during transmission, dependent on the pump intensity. In which

case, the plasmonic resonance of the filter can be shown to incur a loss of effectiveness.
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Figure 4.12: A schematic depicting an alternate dynamic pump-probe regime. In this case,
the pump pulse arrives within picoseconds after the THz probe. The goal is to allow the
off-resonant spectral components of the probe to pass through the device. The pump arrives
during the residual plasmonic oscillations of the THz filter resonance and induces a damp-
ening as a function of pump-probe delay.

It is also possible to take advantage of having an ultrafast pump and long substrate carrier

recombination time by using a dynamic pump-probe spectroscopy, shown in figure 4.12. In

this case, the pump pulse arrives after the THz probe but at a pump-probe delay time that

falls within the range of the resonant oscillations of the filter. The goal here is to allow

the off-resonant THz spectral components of the transient to pass through the device with

minimal absorption loss. The pump intensity is kept constant while the pump-probe delay

time is varied within the picosecond range of the filter oscillations. Since the carrier dynamics

of silicon allow an ultrafast pump to effectively switch its response in terms of transmission,

the pump can be used to bleach any remaining time-domain resonance oscillations upon

arrival. Therefore, the spectral resonance of the filter will experience a dampening as a

function of pump-probe delay time, dependent on how much of the residual oscillations the

pump attenuates.
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4.2.2 Static pump-probe tuning

Beginning with the static case, a pump-probe experiment is done on a 1.5 THz plasmonic

resonator with the geometric configuration shown in figure 4.6 b) with an array periodicity of

56 µm, a cross arm length of 38 µm, and a cross width of 12µm. THz transients are measured

after passing through the filter, which been optically doped with carriers 100 ps prior to the

arrival of the THz probe.

Figure 4.13: Time-domain plot of a static pump-probe tuning experiment on a silicon sub-
strate metasurface resonator. The device is pumped with a 515 nm pump that will pho-
toinduce an intensity dependent carrier density near the resonator array. 100 ps after the
arrival of the pump, the device is probed with a THz-TDS scheme. THz transients passing
through a variably doped resonator are plotted along with their color coordinated doping
concentrations. A gradual bleaching of the residual plasmonic oscillations is observed, up
until a complete saturation effect.

In figure 4.13, the transmitted THz probe pulses are plotted together along with their

respective optical doping carrier densities. As discussed in the previous section, the carrier

densities being shown are a subset of the measurements, carefully selected to show the gradual
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attenuation of the filter resonance to a saturation. The presence of filter oscillations without

the effect of the pump can be seen in the n=1×1013 cm−3 transient; the carrier density here

represents the intrinsic carrier density of the silicon substrate. As the silicon is pumped, the

carrier density present near the surface of the device interacts with the filter response and

free carrier absorption causes an attenuation of the entire transient. Looking at the plotted

transients in descending order, the residual plasmonic oscillations are shown to gradually

decay and bleach away. Interestingly, while there is some amount of attenuation, the off-

resonant component of the THz pulses do not experience much of a decay until the n=3×1017

cm−3 transient. It is only once the plasmonic oscillations have been fully bleached that a

strong attenuation is experienced by the off-resonant component of the THz probe. This

bleaching-to-saturation effect can also be presented in the spectral domain, upon Fourier

transforming these transients.
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Figure 4.14: Silicon-referenced intensity transmissions of the static pump-probe tuning ex-
periment. The plot is centered on the resonance feature but also visualizes the off-resonant
spectral components. The resonance is shown to increase in transmission, blueshift in fre-
quency, and broaden in linewidth as a function of increasing carrier density. After the
resonance bleaches out, a saturation occurs and results in a flat attenuated transmission.

Figure 4.14 shows the plotted intensity transmissions of the measured transients. The

plots are referenced to the bare silicon transient shown in figure 4.13. The plot is centered on

the plasmonic resonance but also highlights how the off-resonant spectral components change

with increased carrier density. The resonance is shown to broaden in linewidth, blueshift

in frequency, and increase in transmission by an order of magnitude. The bleaching of the

resonance is analogous to an increasingly damped harmonic oscillator, up until a complete

saturation of the resonance (red curve) and a strong attenuation of the off-resonant spectral

components.
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Simulations and resonance analysis of static tuning

The experimentally observed resonance changes in the static tuned experiments require a

more in-depth analysis and modelling that can be achieved using a series FDTD simulations.

These simulations are reliable for a silicon substrate resonator because of the long carrier

recombination time of silicon. Since we are simulating a THz source impinging on these de-

vices, the presence of an optical pump must be modelled by changing the material properties

of the silicon substrate in simulation to account for the induced free charge carriers. Given

the previously discussed large absorption coefficient of 515 nm light in crystalline silicon, we

can model the photoinduced carrier density as an exponentially decaying density multilayer

stack of silicon within the first micron of the resonator array. Figure ?? shows the simulated

electric field distributions of various static tuning simulations.

These simulations are done by placing a single gold cross structure on a silicon substrate

and then computing a 3D simulation with periodic boundary conditions imposed in the

XY plane. The multilayer stack is simulated with silicon slabs of exponentially increasing
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thickness, and decreasing carrier density, beneath the cross. The gold material is defined

using a 3D conductivity model [78] while the silicon is taken as a Drude material with a

relative known permittivity [55] and a frequency dependent scattering time [57]. Figures ??

a), b), and c) show the spatial electric field distribution on a cross monitored 100 nm above

the gold-silicon interface, at the center of the 200 nm thick cross. Figures ?? e), f), and

g) show the field distribution on a cross monitored 500 nm below the gold-silicon interface,

within the photoinduced carrier density region. The unpumped simulation represents a

silicon substrate with an intrinsic carrier density of n=1×1013 cm−3. In both cases, an

increasingly attenuated dipole-like response is observed in the field distributions. Of course,

this dipole like feature corresponds to the polarization of the incident THz source field in

the simulation. As explained before, the use of a cross design is solely for the purpose of

having symmetry in the THz response of the device in experiment. It is clear from the field

distributions that any cross talk from the horizontal cross arm to the vertical cross arm is

not significant. Below the gold-silicon interface, the field notably overlaps into the area of

the cross. More importantly, Figures ?? d) and h) show the magnitude of the electric field

in the area immediately outside of the cross arms. With all carrier densities, the field is

shown to decay exponentially away from the cross arms. The field magnitudes at different

carrier densities are fit with exponential curves; interestingly, while there is a decrease in

the field enhancement factor at higher carrier densities, the exponential decay rate of the

field does not change significantly. This provides evidence that the observed bleaching of

the resonance feature is not the result of a complete delocalization of the field, but rather a

carrier absorption effect on the THz response.

The resonance features of the plasmonic filters are fit to Lorentzian lineshapes to quantify

the transmission at resonance, the observed blueshift in center frequency, and the broadening

of linewidth. This assumption is reasonable when the photoinduced carrier densities have

not fully bleached the filter response. Simulations are again useful to fill in the experimental
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data, especially in the regions of saturation where uncertainty dominates. Experimental and

simulated resonance transmissions are imported into MATLAB and the curve fitting toolbox

is used to to fit resonances at different carrier densities with Lorentzians [79]. The notch

transmission at resonance, center frequency, and linewidth are then extracted and plotted

as functions of carrier density in figure 4.15.
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Figure 4.15: Lorentzian fit extractions of the notch filter transmissions at various carrier
densities. a) A plot of notch resonance transmission as a function of experimental (red) and
simulated (blue) carrier densities. b) A plot of resonance center frequency as a function of
experimental (red) and simulated (blue) carrier densities. c) A plot of resonance linewidth
as a function of experimental (red) and simulated (blue) carrier densities.
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From the selected experimental data points (red), at a carrier density of n=1.2×1017

cm−3, these plots show an order of magnitude increase in resonance transmission, a blueshift

of 50 GHz in center frequency, and a linewidth broadening of 110 GHz. In figures 4.15

a)-c) it is clear from the simulations (blue) that there is a saturation effect that occurs with

higher photoinduced carrier densities. This is attributed to the increased Drude absorption

in silicon reducing the lifetime of the plasmonic resonance; the transmission spectra in a

saturated regime are shown to have an increasingly flat response as the carrier density is

increased. The blueshift of the center frequency is attributed to a change in the effective

geometrical parameters of the resonator array [80]. Photoinduced carriers lower the real

part of the refractive index of silicon in the region of the plasmonic array, causing the

optical pathlength between the gold crosses of the array to decrease. The lattice pitch

selected for a design target of a 1.5 THz resonance effectively becomes offset to a pitch

more suitable for a short wavelength resonance, thereby, blueshifting the center frequency.

Although soley varying the lattice pitch of a resonator does change the center frequency,

the complete resonant response of an array resonator heavily depends on the geometry of

the array elements. It is clear from 4.15 b) that the blueshift effect is not monotonically

increasing and this is the result of the gold cross geometry remaining unchanged; large

changes in lattice pitch require a reoptimization of the geometrical parameters of the crosses

to match.
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Figure 4.16: Simulated THz transmission of a gold cross resonator on silicon substrate.
Plotted carrier densities are selected to match experimentally measured transmission spectra
at pump intensities below the complete resonance bleaching threshold.

Finally, figure 4.16 is a transmission plot of the simulated photoinduced carrier densities

that most closely matched with the experimental transmissions of the notch filter device

pumped with various optical pump intensities shown in figure 4.14. The resonance trans-

mission is again clearly shown to bleach and blueshift with increasing photoinduced carrier

densities and is in very reasonable agreement with experimental observations.

4.2.3 Dynamic pump-probe tuning

While static pump-probe tuning is clearly an effective technique to control the frequency

corresponding to the minimum in transmission and the quality factor of a plasmonic filter,

there are still significant losses in the off-resonant transmission spectra. In figure 4.14, the

saturated photoinduced carrier density results in a flat transmission of T = 0.25. This of
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course is due to the THz probe transmitting through silicon with an optically induced carrier

density before its arrival. We can instead take advantage of having an ultrafast pump and

apply the scheme shown in figure 4.12 to interact a very intense pump soley with the time-

domain oscillations corresponding to the notch filter resonance. We do this by configuring

the pump strength to be fixed at the previously measured saturation threshold of the static

pump-probe scheme, applying a photoinduced carrier density of n=3×1017 cm−3. The pump

is additionally configured to arrive after the THz probe arrives, to ensure the interaction

with the residual plasmonic oscillations of the resonator. Figure 4.17 is a plot of time-

domain measurements made using this dynamic pump-probe tuning scheme. The plasmonic

array used for this demonstration is designed for a resonance frequency at 2.1 THz.
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Figure 4.17: Dynamic pump-probe time-domain transients. A bare silicon THz transient is
compared to THz transients passing through a notch filter designed for a 2.1 THz resonance
component. A static intensity optical pump interacts with the residual plasmonic oscillations
of the notch filter at a delay after the THz probe arrival. The pump intensity is selected as to
completely bleach the resonance feature of the notch filter, determined by static pump-probe
experiments on this filter design. The pump arrival time (red dashed lines) indicates the
position of the transient after which the filter oscillations will be bleached away.

Here, a bare silicon THz transient (black) is first plotted along with an unpumped notch

filter resonant response (blue). The target of the pump are the trailing oscillations of the

filter transient. By adjusting the temporal delay between the static intensity pump and THz

probe, the plasmonic oscillations can be shown experiencing a complete attenuation after

the pump arrival time (red dashes). In terms of intensity transmission in THz, shown in

figure 4.18, the benefits to the off-resonance spectral components are very significant. Unlike

the static tuning experiment, achieving a complete bleach of the resonance is possible while

maintaining an off-resonant transmission within 20% of the unpumped transmission.
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Figure 4.18: Dynamic pump-probe transmission spectra corresponding to Fourier trans-
formed THz transients through a plasmonic resonator. Pump delay refers to the time of the
optical pump arriving after the THz probe. Earlier delays correspond to more interaction
with the resonance component of the notch filter. A few pump-delays are depicted to show
the complete delay dependent saturation of the resonance.

A more in depth resonance analysis through Lorentzian fitting can again be applied, and

is shown in figure 4.19. Plots of notch transmission, center frequency, and linewidth are

plotted as functions of pump-probe delay. The previous two plots of THz transients and

their Fourier transform utilize a subset of these data points. Looking at figure 4.17, provides

a clear context that the pump arriving 3 ps after the probe effectively has no effect on the

plasmonic resonance of the notch filter. The shortest pump-probe delay time plotted, 0.5

ps, corresponds to the pump effectively bleaching the entire resonant feature of the device.

A resonance transmission change of more than an order of magnitude is observed over these

delay times in figure 4.19 a). Figure 4.19 b) shows a total blueshift of 90 GHz in center

frequency as the pump increasingly bleaches the duration of the filter oscillations. This
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blueshift is again attributed to a carrier induced change in the real part of the refractive

index, lowering the effective lattice array pitch. Finally, figure 4.19 c) shows a total linewidth

change of 190 GHz over the measured pump-probe delays. The change in linewidth is again

attributed to an increased Drude absorption from the greater concentration of carriers in

the substrate. This is further exaggerated by the use of a saturating pump intensity for this

experiment, to ensure the complete cutting of the plasmonic oscillations as a function of

pump-probe delay.
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Figure 4.19: Lorentzian fit extractions of dynamic pump-probe resonance transmission as a
function of pump-probe delay. a) Resonance transmission as a function of pump-probe delay.
b) Resonance center frequency as a function of pump-probe delay. c) Resonance linewidth
as a function of pump-probe delay.
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4.2.4 Optically pumped graphene on plasmonic resonators

The first method of investigating optically tunable metasurfaces in the THz spectrum was

through the use of a tunable substrate. While we have demonstrated that this is indeed

possible and can be readily applied by designing a metasurface resonator to function atop a

semiconductive substrate, the design has an intrinsic transmission inefficiency. An optically

active semiconductor is tuned by photoexciting carriers and relying on Drude absorption to

induce controllable decay in a plasmonic mode. The photoconductivity increase, required

substrate thicknesses for significant optical absorption, and Fresnel reflection effects cause

a large transmission loss in the THz. For these reasons, alternatives to tunable substrates

are of great interest. One alternative is to deposit a two-dimensional (2D) nanomaterial

like graphene on a plasmonic metasurface and investigate tunability by solely photoexciting

carriers in the same plane as the metasurface. A schematic of the interaction is visualized in

figure 4.20. Here, a femtosecond optical pump at 515 nm is depicted to interact with a layer

of graphene in the plane of the plasmonic cross array. In this scheme, the pump is meant

to arrive before or during the arrival of the THz probe pulse. Unlike the static pump-probe

case discussed for a silicon substrate, the recombination time of graphene will be shown

to be orders of magnitude faster than silicon. Therefore, the THz probe must arrive very

soon after or during the arrival of the pump in order to probe the strongest photoinduced

interaction with the metasurface.
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Figure 4.20: An alternative medium for optical tunability is proposed. A plasmonic meta-
surface is designed on a THz transparent substrate and CVD graphene is deposited in the
plane of the metasurface. A pump-probe tuning scheme resembling a static pump is utilized,
where the pump arrives onto graphene before or simultaneously with the THz probe.

Returning to the previously introduced cyclo-olefin polymer material, zeonor, here we

make use of its THz transparent properties as substrate. Another design of cross-shaped

metal structures in an array are deposited atop a 188µm thick zeonor substrate. The design

parameters of the plasmonic array are for a 1 THz Lorentzian-like resonance with a similar

notch transmission and Q factor to the silicon substrate cross designs. The metallic crosses

are fabricated using aluminium with an arm length of 110 µm, an arm width of 8 µm, an

array periodicity of 130µm, and a 200 nm thickness. Aluminium is chosen instead of gold

for the purpose of availability and cost. In the THz, most metal conductivity’s, particularly

thin films, can be very accurately represented with a Drude model [81].

Figure 4.21 shows a simulated metasurface of this design. A field distribution of a single

cross element is monitored in the XY plane at the aluminium-zeonor interface. Like the
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crosses on silicon, we see a dipole-like response in the direction of the source input polar-

ization. The field again appears confined on the edges of the cross arms, and additionally,

there is no obvious cross talk between the vertical and horizontal cross arms.

Figure 4.21: An FDTD spatial field simulation of a zeonor cross array metasurface. The
field magnitude spatial distribution of a single cross element is depicted with a colour bar of
electric field magnitude.

The corresponding power transmission monitored by the zeonor cross array simulation

is depicted in figure 4.22. As mentioned, one of the constraints of the updated metasur-

face design is to maintain a similar Q factor to the silicon metasurface design, this is why

cross elements were again utilized. Of course, having a larger Q factor and lower resonance

transmission at the notch frequency allows any pump induced change in the plasmonic mode

efficiency to be more significant when monitored. But, from chapter 3, in a THz time-domain

experiment, the temporal duration of a THz scan is limited by the eventual appearance of

back reflections from optics in the setup. A resonator with a large Q factor resonance in the

frequency-domain, will appear to have a very long ringing oscillation in the time-domain,

interfering with back reflections in the setup. Furthermore, the energy of the incident THz

pulse to the resonator, will be distributed in a broad range, temporally, and require a very
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large detection signal-to-noise ratio to be monitored. For these reasons, we limit the designed

Q factor of resonators to <10 to enable a clear monitoring of photoinduced carriers near the

metasurfaces.

Figure 4.22: FDTD power transmission simulation of a 1 THz zeonor cross array metasurface.
The metasurface parameters are given by a cross arm length of 110µm, an arm width of
8 µm, an array periodicity of 130 µm, and a 200 nm metal thickness.

Optically-excited graphene probed with THz

To select a proper optical pump - THz probe delay range to attempt a tunability experiment

of graphene on a metasurface, it is paramount to first characterize the carrier dynamics of

graphene in THz. To do this, a layer of CVD graphene is transferred onto a bare 188µm

zeonor substrate. The particular fabrication method and resultant CVD graphene used

in these experiments is standardized and has been previously characterized in the same

THz-TDS setup [82]. These measured properties of CVD graphene are verified using an
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FDTD simulation with the previously discussed Drude-like intraband 2D conductivity model

[60]. A measured carrier density of n=1×1012 cm−2 and scattering time of 40 fs are used

for verification. The experiment-simulation match is outlined further on, in the complete

simulation of graphene on a cross array.

The important property of the CVD graphene utilized in these experiments is the large

intrinsic carrier density. As mentioned in chapter 2, one of the goals of investigating graphene

as a metasurface tunability alternative is to exploit the hot-carrier generation effect of nega-

tive THz photoconductivities [65]. Just as how the silicon carrier dynamics were measured,

an optical pump can be temporally scanned through a graphene sample using a delay stage

while the fixed peak THz field through the sample is measured as a function of pump-probe

delay, shown in figure 4.23. For these measurements, a 4.7 GW/cm2, 180 fs, 515 nm pump

pulse is spatially overlapped with the THz probe and temporally scanned. A high intensity

ultrafast pump is required to photoinduce sufficient carriers in graphene, being a single layer

nanomaterial, and because the hot carrier multiplication effect scales linearly with pump

fluence.
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Figure 4.23: Peak THz amplitude in graphene as a function of pump-probe delay. A 515 nm
pump pulse is spatially overlapped with a THz probe passing through a sample of graphene
on Zeonor. The THz temporal position is then fixed while the pump pulse is temporally
scanned. The black dashed curve is a moving average with a sliding window of 1 ps to
visualize the trend of the data.

The delay stage controlling the temporal position of the pump is scanned with a step size

of 30 fs over a total range of 20 ps, covering the pump-probe overlap. The measured peak

THz amplitudes at every pump-probe delay are shown as red dots, while a moving mean

with a sliding window of 1 ps is shown for clarity in black dashed lines. Negative pump-probe

delays correspond to the pump arriving in graphene after the THz probe and positive pump-

probe delays correspond to the probe arriving after the pump. It becomes very obvious from

this plot that the intrinsic carrier density of graphene used in this experiment is sufficient to

observe a hot carrier multiplication effect in graphene. A distinct increase in the peak THz

amplitude occurs around the pump-probe overlap with a rise time that occurs within 1 ps

and a slower, > 5 ps decay towards the unpumped THz amplitude ensues thereafter. These
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dynamics illustrate the fast establishment of a hot carrier distribution in the conduction

band, followed by a slow electron-lattice cooling [64]. Therefore, the best region for studying

pump-probe effects in graphene on a metasurface is at the pump-probe overlap.

We then inspect the effect of the optical pump on the full THz transient through the

graphene sample, in figure 4.24. In this time-domain plot, a THz transient through air is

shown alongside 4 THz transients through the sample of CVD graphene on zeonor. The

transients through the sample are optically pumped with the aforementioned 515 nm pump

pulse, where unpumped refers to the pump into the setup being blocked. The reduced pump

intensities are obtained using ND filters and all transients are normalized to air. Since the

pump induced change is very small, as one might expect from a single layer of graphene,

an inset is included to magnify the region of the peak electric field values. Looking at the

inset, it is clear that as the pump intensity is increased, the field strength of THz through

the sample increases as well.
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Figure 4.24: Plotted time-domain scans of optically pumped graphene on a zeonor substrate.
An air reference scan is included with these measurements, of which all other transients are
normalized to. Here, the graphene sample is externally pumped with a 515 nm ultrafast
pulse that is overlapped with the peak of the THz probe. Three optical pump intensity
scans are taken alongside an unpumped scan in which the pump is blocked. An inset is
included for visual clarity of the pump induced change at the peak THz field.

The time-domain transients are then Fourier transformed and plotted in terms of in-

tensity transmission with the air measurement taken as the reference. In figure 4.25, the

transmissions of THz through the pumped and unpumped graphene sample are plotted. It

remains clear that optically pumping graphene is increasing the measured THz transmis-

sion through the sample. But it is important to notice how the transmission through the

graphene sample with a zeonor substrate does not increase consistently to a value of T>90%.

At the start of this chapter, the transmission through a bare zeonor substrate was discussed

and it was noted that zeonor is a very low loss substrate with the main mechanism of power

transmission loss in THz being due to an 8% Fresnel reflection. The hot carrier multipli-

cation effect in graphene is explicitly not an amplification effect. The transmission through
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graphene is increased soley because the THz photoconductivity in graphene is reduced by

the presence of the optical pump. At the fundamental limit of this effect, the THz probe

can only transmit through a graphene layer without loss. In this case, the total transmission

through a sample will be soley determined by the THz transmission through the substrate.

The maximum optical pump intensity shown in these measurements is selected based on

the damage threshold of zeonor. By empirically testing the 188 µm zeonor substrates in the

presence of an optical pump, it was determined that laser damage in the sample at 515

nm occurs at intensities exceeding 5 GW/cm2. While it would be of interest to investigate

hot carrier multiplication in graphene with stronger pump intensities through the use of a

stronger substrate, observing a noticeable pump induced change in these samples is sufficient

to test the effect on a resonator sample.

Figure 4.25: Intensity transmissions of optically pumped graphene on a zeonor substrate
corresponding to the Fourier transformed time-domain scans referenced to air.
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Optically-excited graphene on plasmonic resonators

With the quantification of how much an optical pump can increase THz transmission in

graphene through the hot carrier multiplication effect, we can investigate the effect of pumped

graphene on a metasurface. First we must understand how the presence of graphene on a

metasurface resonator will change the resonance properties. From the start of this section,

knowing that the CVD graphene used in these experiments has been previously character-

ized in terms of a carrier density and scattering time, we can then incorporate an FDTD

simulation of graphene on a 1 THz resonator utilizing the aforementioned 2D conductivity

Drude-like model. Figure 4.26 shows plots of experimental and simulated graphene on a 1

THz zeonor substrate metasurface.

Figure 4.26: Simulated and experimental transmissions of graphene on a resonator. The
FDTD simulations are plotted with dashed lines of the corresponding experimental trans-
missions.

Here, experimental measurements of the 1 THz resonator on zeonor (black) are compared
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to measurements of the resonator with a layer of transferred CVD graphene (red). Dashed

lines indicate the corresponding FDTD simulations of the bare resonator and the resonator

with a graphene model interacting at the air-metasurface interface. In general the agreement

between experiment and simulation is excellent. This indicates that the Drude parameters

extracted from the previous experimental characterization of CVD graphene are applicable to

a graphene-resonator structure. In the bare resonator results, we see a discrepancy between

experiment and simulated transmission at the notch. The difference in transmission is 0.3%

and likely due to a simulation assumption of no loss in the zeonor substrate, with the

imaginary part of the refractive index set to zero at all frequencies. The reason the bare

resonator sample transmission is shown along with the graphene-on-resonator transmission

is to highlight the amount of loss caused by the presence of graphene. When graphene is

present, the resonance transmission increases by over an order of magnitude at the notch,

there is a linewidth broadening, and the off-resonant spectral components suffer a noticeable

loss in transmission. Although, there is interestingly no shift in the resonance frequency,

indicating that the presence of graphene in the plane of the metasurface is not inducing

a change in the effective real part of the refractive index. The measured and simulated

loss is the direct result of the intraband transitions in graphene, which dominate the optical

conductivity of graphene in the THz region. Unlike shorter wavelengths where the absorption

of graphene is soley determined by the fine structure constant and known to have a value

of 2.3% [83]. The absorption of graphene in the THz region is dependent on the Fermi

energy, which is proportional to its carrier density. Being that the CVD graphene used for

this experiment is intrinsically doped, it is expected that significant absorption will occur

in the sample. For the purpose of investigating optical tunability, a strong absorption in

graphene, particularly at the resonance, is very useful. Even small pump induced changes in

the layer of graphene will be detectable at the resonance transmission because the decrease

of photoconductivity in graphene is expected to reduce the resonator loss.
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The measurement of optical tunability for graphene on the 1 THz metasurface resonator

will be done through a dynamic pump-probe scheme. Since we know from the carrier dy-

namics of graphene that the largest increase in THz amplitude occurs within 1 ps of the

pump-probe overlap, it is not possible to monitor a resonator THz transient undergoing

a uniform pump induced change. The time-domain response of the 1 THz resonator with

graphene is shown in figure 4.27. Here, transients through a resonator are compared and nor-

malized to an air reference. We can see how the transmission through the resonator results

in residual oscillations that last at least 3 ps in duration. Therefore, the 1 ps main excitation

observed in graphene cannot be experienced during the entire oscillations of the resonator.

The dynamic approach to measuring tunability in the resonator will be done by allowing the

pump to spatially overlap with the THz probe at different times during the resonance. The

pump-probe delays are marked with dotted vertical lines in the plot with the corresponding

times shown in the legend. Here, 0 ps refers to a temporal overlap between the optical pump

and THz probe. Conceptually, since the 4.7 GW/cm2 515 nm pump is expected to increase

the THz amplitude, interacting the pump with different regions on the THz transient should

exhibit a different emphasis in the transmission characteristics. Primarily, interacting the

pump with the region of the resonance transient that does not have oscillations should in-

crease the off-resonant transmission and interacting the pump with the residual oscillations

should improve the resonance quality. Converting to intensity transmission, in figure 4.28,

we can observe the temporal movement of the pump along the THz probe transient.
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Figure 4.27: Time-domain plots of optically excited graphene on a plasmonic resonator. The
various times correspond to the time of pump arrival relative to the THz temporal peak.
Vertical dashed lines of the corresponding colours are plotted to further illustrate this. The
windowing function is shown with yellow dashed lines.

In this plot, the resonant and off-resonant intensity transmissions of graphene on a meta-

surface resonator are shown in the presence of a temporally delayed optical pump. The

transmissions are normalized to the air reference scan of the previous plot. While the pump

induced change in graphene is indeed small (∆T<5%), a clear trend does appear. When the

graphene metasurface sample is first pumped with a pump-probe time delay of 0 ps (blue),

the off-resonant transmission experiences the largest increase compared to the unpumped

transmission. At the resonance, magnified in the figure inset, the 0 ps transmission de-

creases, which signifies that the quality of the resonator has improved. The improvement of

the resonance quality occurs because the optical excitation in graphene lasts long enough to

improve the THz amplitude of the first resonance oscillation in the time-domain, occurring

within 1 ps after the optical pump arrives. When the pump arrives 1 ps after the THz probe

peak (green), the pump is expected to greatly interact with the first resonance time-domain
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oscillations and less-so with the off-resonant spectral components of the transient. We can

see this from the reduction in the off-resonant transmission improvement but an increase

in the quality of the resonance. Now, as the pump is arriving further after the THz probe

at delay of 2 ps (cyan) and 3.5 ps (magenta), the off-resonant spectral components of the

resonator response are no longer under excitation and only the final time-domain oscillations

of the resonance are experiencing a pump induced improvement in THz amplitude. Since

these final oscillations are already small in amplitude, the improvement in the quality of the

resonance transmission diminishes and the response of the device returns to the unpumped

state. In conclusion, the hot carrier multiplication effect in graphene, in combination with

a notch filter metasurface, and an ultrafast optical pump, enables the use of a dynamic

pump-probe tuning mechanism to tune the response of a metasurface through improving

the resonance transmission quality. This optical tunability technique, accomplished through

improvement rather than loss, is encouraging to further investigate for viability if the effect

is scalable through the use of multiple layers of graphene.
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Figure 4.28: Corresponding transmission plots of optically excited graphene on a resonator.
The resonant and off-resonant spectral components are shown to experience varying trans-
mission improvement dependent on the temporal interaction of the pump with the residual
plasmonic filter oscillations. An inset is shown to further visualize the transmission change
at resonance.



Chapter 5

Conclusions

5.1 Summary

In this work, THz plasmonic metasurfaces are explored in the context of optical tunability in

the substrate and in the plane of the metasurface. We first describe the working framework

behind the concept and design of plasmonic resonators. We describe a procedure of creat-

ing a THz plasmonic array, or metasurface, to exploit localized surface plasmon resonances

and the geometrical factors that determine its response. The materials used for optical

tunability applications, silicon and graphene, are described in terms of Drude and Drude-

Boltzmann optical conductivity models. We then review the technique of time-resolved THz

spectroscopy, in which we discuss the generation, detection, and optimization techniques

that enable us to monitor a single-cycle THz pulse in the time-domain. Following this, we

detail the experimental setup utilized for the generation of THz, interaction with a sample,

and the near-infrared probe scanning detection process. A tutorial of analyzing THz sam-

ple transients to optimize and extract frequency-domain information is given in the context

of analyzing resonant features. We then present the detailed experimental characterization

of bulk silicon THz transmission and its THz response to an optical pump and carrier dy-
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namics. We additionally analyze the THz response of Zeonor, a transparent dielectric with

excellent THz transmission and low loss. Silicon is then utilized as a substrate for a resonant

metasurface array of cross-dipoles. We show two techniques of optically tuning this device:

a static tuning method, in which the silicon substrate is optically excited well before the

arrival of a THz probe, and a dynamic tuning method, in which the silicon substrate is

optically pumped during the residual time-domain oscillations of the THz probe interacting

with the metasurface. Both methods demonstrate the tunable control of a resonance and the

ability to effectively bleach out the filter response with increased optical intensity and tem-

poral interaction. The static tuning method is further investigated using FDTD simulations

to provide a working explanation of the changing resonant properties of the device. Addi-

tionally, monolayer CVD graphene is investigated in an optical pump - THz probe regime.

The reported negative THz photoconductivity of highly doped graphene is investigated in

terms of the THz transmission response and carrier dynamics. Graphene is then deposited

on a tailored Zeonor-substrate metasurface design and investigated using an experimental

and simulation transmission comparison for verification. Finally, the optically pumped THz

response of graphene in the plane of a metasurface is experimentally probed and shown to

relatively improve the quality of a resonator.

5.2 Future work

Several avenues of future directions are underway or planned for this project. First, We

are investigating the THz response of our graphene-coated metasurfaces under a UV pump.

Unlike the work shown in this thesis, in which an ultrafast optical pump induces a large

enough photon density for the hot carrier multiplication effect, we find that a 450 nm low

power 25 mW continuous wave (CW) laser also seems to decrease the THz photoconductivity

of graphene. Figure 5.1 shows the UV-enabled improvement of the resonator quality and
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off-resonance transmission.

Figure 5.1: Intensity transmission around resonance of a 1 THz metasurface illuminated
with a 25 mW, 450 nm CW laser. As the THz response of the metasurface is probed
over a 20 minute duration, the resonance quality and off-resonant spectral components of
the metasurface improves. A saturation in this improvement seemingly occurs within 10
minutes. An inset zooms on the UV-induced resonance improvement.

Here, the UV CW laser is left incident on the graphene metasurface sample for a period of

20 minutes during which the sample is periodically probed by THz pulses. The transmission

quality of the sample gradually improves over a duration up until a saturation that begins

after 10 minutes of illumination. The inset shows how the resonance quality improves in a

similar fashion and magnitude to the hot carrier multiplication effect. Further investigation

on the nature of this improvement must be undertaken.

Throughout this work, it is clearly evident that the pump induced THz response of

CVD graphene is very small in magnitude, below a 5% change in intensity transmission.

We have seen a similar experimental transmission response in CVD molybdenum disulfide.
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While monolayer nanomaterials are excellent for plasmonic tunability because they can be

transferred in the plane of a metasurface, the small pump-induced change is a drawback

for realistic applications. We have been investigating spray coated liquid-phase exfoliated

(LPE) graphene on a plasmonic metasurface. Instead of an atom-thick layer, LPE graphene

is composed of stacked flakes of monolayer, bilayer, and few-layer graphene [84, 85, 86].

LPE graphene has the potential of having a stronger optical absorption due to the increased

concentration of graphene while maintaining the strong interaction in the plane of the meta-

surface, due to still having a nanoscale thickness. One challenge of using LPE graphene

and other nanomaterials in the THz region is to characterize the THz conductivity within a

single flake and determine the corresponding electron mobility.

Finally, we are looking into the application of THz plasmonic resonators in the field

of cavity quantum electrodynamics. Typically, optical cavities are put in the presence of

atomic or molecular systems to investigate strong coupling regimes in which hybrid-light

matter states can be formed [87, 88, 89]. In our future research direction, plasmonic THz

resonators will be used to confine light, analogously to mirror cavities, and interacted with

molecular systems. The goal of this work will be to investigate the potential for strong-

coupling between molecular vibrational and THz plasmonic modes and the generation of

hybrid-light matter states.
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