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Abstract

Théo HANNOTTE

THz radiation confinement using metallic micro-resonators, for
spectroscopy and manipulation of single nanometric samples.

At the boundary between optics and electronics, the terahertz (THz) frequency
range has seen a growing interest in applications going from high data rate telecom-
munication to non-destructive testing. THz spectroscopy is expected to have a valu-
able purpose for analyzing biological samples. However, many objects of interest
such as living cells, viruses, or proteins are two orders of magnitude smaller than
THz wavelengths.

Sub-wavelength resonators have been widely studied as building blocks of meta-
material. Taking advantage of their dispersive properties, one can create an artificial
optical medium with exotic dielectric properties such as a negative refractive index.
However, the recent progress in THz spectroscopy and near-field optic has opened
the path to study individual sub-wavelength resonators and fully take advantage of
their near-field properties. This thesis focuses on the case of Split Ring Resonators
(SRR), which are small metallic structures behaving as an RLC circuit confining the
electric field in an arbitrarily small capacitive area. The electric field confinement
provided by SRRs is used to get rid of the Abbe diffraction limit and perform spec-
troscopy on samples two orders of magnitude smaller than the wavelength of inter-
est.

In this thesis, we develop an analytical model to understand the behavior of an
SRR coupled to a sample material and extract information on that material from a
spectroscopic measurement of the SRR. Then we design and fabricate an SRR com-
patible with THz time-domain spectroscopy (THz-TDS) performed on individual
resonators. Afterward, we explore scattering scanning near field microscopy as a
tool to measure the electric field profile of the fabricated SRR. Next, we perform THz-
TDS experiment on single resonators coupled to a nanometric amount of a sample
material. Finally, we explore the possibility to generate optical forces from the strong
field gradient created by SRRs.

We developed a set of tools that allowed us to be among the first to conduct spec-
troscopy measurements on single SRRs in the THz range and extract information
from them. The analytical models can still be improved, but they already provide a
good understanding of the experimental data. We believe this work opens the path
to THz spectroscopy at the nano-scale.
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Résumé

Théo HANNOTTE

Confinement de rayonnement térahertz par des
micro-résonateurs métalliques, pour la spectroscopie et
manipulation d’objets nanométriques uniques.

À la frontière entre l’optique et l’électronique, la gamme de fréquence Térahertz
(THz) attire un intérêt croissant dans des domaines allant des communications haut-
débits au contrôle non destructif. La spectroscopie THz a le potentiel de constituer
un outil de choix pour l’analyse d’échantillon biologique. Cependant, beaucoup
d’échantillons tels que des cellules vivantes, des virus ou des protéines ont une taille
inférieure aux longueurs d’onde THz de deux ordres de grandeur.

Des micro résonateurs, plus petit que leur longueur d’onde de résonance, ont
été étudiés et utilisés en tant que composant élémentaire des métamatériaux. En
utilisant les propriétés dispersives de ces résonateurs, il est possible de créer des mi-
lieux optiques artificiels possédant des propriétés singulières, comme par exemple
un indice de réfraction négatif.

Cependant, les progrès récents en spectroscopie THz et en optique de champ
proche ont ouvert la voie à l’étude de résonateur unique, et d’utiliser pleinement
leurs propriétés en champ proche. Cette thèse se concentre sur le cas des résonateurs
métalliques de type RLC, qui permettent de confiner un champ électrique dans un
volume arbitrairement petit. Ce champ confiné est utilisé pour contourner la limite
de diffraction d’Abbe, et permet la spectroscopie d’objet jusqu’à cent fois plus petit
que la longueur d’onde.

Dans cette thèse, nous développons un modèle analytique pour comprendre le
comportement d’un résonateur RLC couplé à un matériau, et extraire des informa-
tions sur ce matériau via une mesure de spectroscopie sur le résonateur. Après
quoi nous concevons et fabriquons des résonateurs mesurables individuellement en
spectroscopie THz dans le domaine temporel (THz-TDS). Nous étudions ensuite la
microscopie optique en champ proche pour mesurer le profil du champ électrique
formé par nos résonateurs. Puis nous procédons à des mesures de THz-TDS sur des
résonateurs uniques couplés à un volume nanométrique d’un matériau d’étude.

Nous avons développé un ensemble d’outils qui nous ont permis d’être parmi les
premiers à réaliser des mesures spectroscopiques sur des résonateurs RLC uniques
dans la gamme THz et en extraire des informations. Les modèles analytiques sont
encore améliorables, mais ils offrent déjà une compréhension profonde des données
expérimentales. Nous pensons que ces travaux ouvriront la voie à la spectroscopie
THz à l’échelle nanoscopique.
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General introduction

At the boundaries between optics and electronics, the THz frequency range is com-
monly defined as the range between 100 GHz to 10 THz. For decades, the lack of
sources and detectors caused this part of the electromagnetic spectrum to remain
mostly unexplored, and referred to as the “terahertz gap”. But the rapid progress in
optics and electronics in the past 30 years have made it an increasingly attractive area
of research. This range of frequency stays largely unknown from the general public,
yet it is key to massively important outbreaks in domains such as astronomy. For
example, the cosmic microwave background, electromagnetic radiation that is rem-
nant of an early stage of the universe, when it became transparent, has a frequency
around 180 GHz. More recently, the first images of black holes were recorded in 2019
and 2022 by the Event Horizon Telescope. This telescope array, consisting of a global
network of radio telescopes, operates between 230 and 450 GHz. Those massive sci-
entific advances are closely tied to the development of THz technology.

Radiowave Microwave Infrared Visible UV X-ray
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Wavelengths
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Figure 1: The terahertz domain in the electromagnetic spectrum.

Outside of astronomy, the THz range found applications in a wide variety of do-
mains such as non destructive control, explosive detection, high data rate telecom-
munication and biology. More specifically, the advent of powerful short pulsed
lasers in the 1980s, along with nonlinear optics, brought the possibility to generate
broadband THz pulses. Hence setting the path to the spring of THz spectroscopy.

While mid-infrared spectroscopy probes the vibration of inter-atomic bound, Vi-
brational spectroscopy probes inter-molecular vibration, rotational mode, or vibra-
tion of large molecules. The vibrational mode of large molecules such as proteins,
or other biological objects such as DNA and viruses lie in the THz range. One of
the main difficulties for THz spectroscopy of such objects is their small sizes, sev-
eral orders of magnitudes smaller than THz wavelengths, which strongly limit their
interaction with propagating THz radiation.

This thesis explores a resonant approach to circumvent the diffraction limit and
confine THz radiation in an arbitrary small volume, leading to massive enhance-
ment of light-matter interaction with objects as small as a few nanometers. This
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approach is based on Split Ring Resonators (SRRs). SRRs originate from the mi-
crowave domain where they were first introduced for their tunable dispersive prop-
erties, as a building block for meta-materials. In this context, a large assembly of
sub-wavelength resonators is treated as an homogeneous effective material, with
potentially exotic electromagnetic properties.

Figure 2: Example of microwave metamaterial made of SRRs. Picture
taken from “NASA Glenn Research”.

With the progress made in THz sources and detectors, it is now possible to in-
teract with individual resonators, and take advantage of their near-field properties.
SRRs behave as RLC circuits and, as such, they confine electric fields in their capac-
itor, which can be made arbitrarily small, down to the nanometer scale. Although
SRRs have already been used in the past for light matter enhancement and analy-
sis of small objects, it is usually done with a large quantity of resonators, and only
rarely on individual ones. This effectively increases the volume where the field is
confined. Furthermore, unless each resonator is coupled to the sample in the exact
same way, such spectroscopy experiments can only lead to detection of low volume
samples rather than measurement.

We mostly focused on spectroscopy, but tight radiation confinement is key for
numerous applications, including (but not limited to) microscopy, nonlinear optics
and optical trapping. Using SRRs for any of these applications requires an accurate
understanding of the resonators properties, how it couples to the near-field and far-
field, both theoretically and experimentally.

Firstly, we focus our attention on the SRR itself. We study its behavior and what
a spectroscopy measurement can tell us about the material we put in its capacitor.
We see how it can be designed according to the needs of each application. We use
near-field THz microscopy to characterize the electric profile of the resonators.

Secondly, we will put the field confinement provided by a SRR to the test for two
applications where it is required: THz spectroscopy on nanometric samples with
single SRRs, and optical trapping with THz radiation.

The outline of this thesis is organized as follow:

• In chapter 1, we develop a model to describe and predict the behavior of a
SRR probed with THz Time Domain Spectroscopy (THz-TDS) in transmission
or reflection. In particular, we study how its transmission spectrum is affected
by the presence of a dispersive material in its capacitor. We will see how small
differences in the way the material is coupled to the SRR significantly affects
the transmission, motivating the need for experiment on single SRRs.
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• Chapter 2 focuses on the design and fabrication of the SRRs. Using FDTD
simulations, we will see how we can control the resonance frequency, quality
factor, and coupling directivity of a SRR.

• In chapter 3, we use a near field microscopy technique called scattering Scan-
ning Near-field Optical Microscopy (s-SNOM) to experimentally characterize
the near-field profile of our SRR. This chapter is as much about s-SNOM it-
self as it is about SRR. Indeed, we will address the issue related to near-field
imaging of structures with antenna-like properties.

• Chapter 4 starts the second part of this thesis, focusing on using the field con-
finement provided by a SRR. In this chapter, we demonstrate THz-TDS on
single resonators, in a configuration that allows us to physically access the
capacitor. We identify a major source of error in THz-TDS and a solution to
correct it, which proved to be essential for long acquisitions. Using Glutamic
Acid (GA) as a test sample, we detect its presence in the capacitor of a single
SRR. However, we were not able to extract quantitative information from it.

• Finally, chapter 5 focuses on a second application of extreme field confinement:
the generation of optical forces. We show that the strong field gradient gener-
ated by a SRR, as predicted by FDTD simulation and validated with near-field
microscopy, should induce optical forces on micro and nano-particles strong
enough to form a stable optical trap at room temperature. Similarly, we will
see that the plasmonic resonance of Graphene Nano-ribbon (GNR) should pro-
vide similar trapping capability in the mid-IR, with increased flexibility. To
avoid the strong absorption of water in these frequency ranges, we develop
a microfluidic device fully compatible with non polar solvent. Yet, the un-
expected behavior of micro-particles in non-polar solvent prevents us from
reaching conclusive results at this time.
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Chapter 1

Modelisation of a Split Ring
Resonator for sub wavelength
characterization of dispersive
materials

1.1 Split Ring Resonator

THz spectroscopy is expected to have a valuable purpose for analyzing biological
samples. Because far-field spectroscopy techniques such as THz Time Domain Spec-
troscopy (THz-TDS) are subject to the diffraction limits, those samples are often in
the form of pressed powder pellets[1] or diluted in liquid[2]. Indeed a THz beam
with a wavelength between 0.1 and 1 mm cannot be focused on a spot smaller than
about 50 µm[3], which is two orders of magnitude larger than biological objects such
as bacteria, cells, proteins or viruses[4]. The powder pellet approach has several
issues. Firstly, some of the objects of interest such as viruses simply cannot be pro-
duced in quantities large enough to produce a pellet. Secondly, it has been shown
that vibrational signatures of protein crystals in the THz range are often the result
of delocalized vibration in the crystal structure[5], meaning that a measurement on
a large quantity of crystals will be blurred by the random orientations and sizes of
each crystal.

There is a clear interest in analyzing small volume samples beyond the diffrac-
tion limit, which requires a way to enhance light matter interaction. According to
Purcell’s theory[6], strong light matter interaction can be achieved through tight
radiation confinement. THz radiation confinement has been widely experimented
with three different approaches:

• Guided approach[7–13]: taking advantage of the low losses of metal in the
THz range, a metallic waveguide can be optimized to confine a propagating
beam of light in a sub-wavelength volume without introducing much losses
and dispersion. This approach is broadband and can confine light in one or
two dimensions.

• Near-field microscopy approach[14–19]: using near-field microscopy tech-
niques such as Scanning Near-field Optical Microscopy (SNOM) which can im-
age a sample with a nanometric resolution. This method provides the best spa-
tial resolution, but the interpretation of the result is far from straight-forward,
and although it is possible to use a broadband source on those systems, the
powers required are difficult to achieve and measurements are most often done
on a single frequency.
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characterization of dispersive materials

• Resonant approach[20–25]: Using a resonator to confine THz radiation in three
dimensions, and to increase the interaction time by recycling light. This ap-
proach intrinsically has a smaller bandwidth than the guided approach, but
shows better field confinement and is easily tunable during the resonators fab-
rication.

In this thesis, we will mainly focus on the third approach, and more specifically
on radiation confinement using Split Ring Resonators (SRRs). This chapter aims at
defining a theoretical framework to use SRRs as a tool for spectroscopy of micro-
scopic sample. This framework will allow us to correctly interpret the results from
the measurements in chapter 4.

1.1.1 SRR for light confinement

i

EB L

R

C≈

Figure 1.1: Schematic of a simple split ring resonator, and its equiva-
lent RLC circuit.

SRRs were originally invented for microwave applications, where they served
mainly as building blocks for metamaterials. Applications include dielectric func-
tion engineering[26], optical cloaking[27, 28] and negative refraction[29].

A SRR is a metallic structure with capacitive and inductive areas. The simplest
design is a single metallic loop with a gap. The loop itself acts as an inductor while
the gap acts as a capacitor, as illustrated in figure 1.1. The SRR thus behaves as a RLC
circuit in the frequency range where the quasi-static approximation is valid, i.e. the
length of the loop is much smaller than the wavelength. When excited near its nat-
ural frequency ωn = 1√

LC
, a RLC circuit stores energy in the form of an electric field

in the capacitor, and a magnetic field in the inductance. This makes the SRR highly
suitable for radiation confinement since the size of the capacitor and inductor can be
designed arbitrarily small. We will mainly focus on SRR optimized for interaction
through an electric field, allowing to probe the dielectric permittivity ε of a material,
but all the reasoning are also applicable for magnetic field confinement around the
inductance if one needs to probe the magnetic permeability µ of a material.

A RLC circuit is a single-mode resonator that can be coupled with farfield ra-
diation. One of the most efficient ways to treat such a system is the Time Domain
Coupled Mode Theory (TDCMT) [30]. TDCMT uses the complex amplitude of the
mode a defined such that the squared magnitude of a is the energy in the resonator.
This approach allows one to simplify the problem by considering only the resonance
at positive frequency. Indeed the temporal evolution of the mode amplitude is de-
scribed by a complex first order differential equation:

da
dt

=

(
jω0 −

1
τ

)
a + κ1s+1, (1.1)
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where ω0 is the resonance frequency, 1
τ is the decay rate of the mode, κ1 is the cou-

pling coefficient with an input port, and s+1 is the amplitude of the wave from the
port (defined such that |s+1|2 is the power of the incident wave). Although this
approach is very convenient to extract results such as transmission and reflection
coefficient, it is only valid when the line width of the mode is small compared to the
resonant frequency, i.e. 1

τ ≪ ω0. However, this assumption is often not valid for SRR
which have non negligible ohmic and radiative losses. We will check the necessity
of this assumption in section 1.1.4. To properly interpret the spectroscopic response
of SRRs, we derive the transmission and reflection coefficient from the RLC model,
using only variables derived from the parameters of the SRR.

1.1.2 Modelisation of the external coupling in the RLC model

The inductive loop of current and the charge accumulation in the capacitance lead to
oscillating magnetic and electric dipole moments. Those oscillating dipoles radiate
energy in the far field, which is a source of losses adding up to the ohmic losses of
a regular RLC circuit. In antenna theory, the concept of radiative resistance is used
to model the radiative loss in an antenna. It is defined as Rr = W

I2 , where W is the
total radiated power and I is the current injected in the antenna. For example, the
radiative resistance of a loop antenna with a uniform current is given by[31]:

Rr =
Z0

2
Cλ

ˆ 2Cλ

0
J2(y)dy, (1.2)

where Z0 is the free space impedance, Cλ is the circumference of the loop in wave-
lengths, and J2 is the second order Bessel function. This expression can be simplified
when the loop is much smaller or much larger than the wavelength. Hence the ra-
diative resistance scales with ω4 for a sub-wavelength loop, and with ω for a large
loop. Hence the radiative resistance does not behave as a regular resistance since its
value is strongly frequency dependent. The behavior of the SRR will deviate from
a strict RLC circuit when the radiative resistance variations are not negligible across
the resonance bandwidth.

Note that using the definition of radiative resistance from antenna theory im-
plies that the circuit loses energy when the current in the loops is high. Nonetheless,
an antenna usually emits radiation proportional to the derivative of the current[32].
This could be modeled with a resistor in parallel with the inductance. However, the
formulas of radiative resistances do not apply in this configuration, and finding a
meaningful definition of this alternative resistance would require further investiga-
tion in antenna theory.

Inversely, electric and magnetic dipoles are excited when placed in a variable ex-
ternal electric or magnetic field. In the case of magnetic excitation, the variable mag-
netic field through a metallic loop creates an electromotive force following Faraday’s
law of induction:

uem(t) = −dΦ(t)
dt

, (1.3)

where Φ(t) is the magnetic flux across the circuit. A SRR can be designed to optimize
coupling with the electric field or magnetic field, that is why the precise nature of
the coupling will be discussed in chapter 2. For the moment, we model it with a
radiative resistance and a voltage source as illustrated in figure 1.2, while keeping in
mind that the value of Rr may be complex and frequency dependent.
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L

C

R0

Rr

ue

Figure 1.2: Equivalent circuit for a SRR coupled to the far field
through a voltage source ue and a radiative resistance Rr.

Finally, we end up with a RLC circuit with R = R0 + Rr, where R0 represents the
ohmic loss, and Rr represents the radiative loss, with a voltage source arising from
the external electromagnetic field.

1.1.3 RLC resonator

Under the quasi-static approximation, we consider a simple RLC series circuit with
a voltage input ue, defined by

ur = Ri, (1.4)

ul = L
di
dt

, (1.5)

i = C
duc

dt
, (1.6)

and ur + ul + uc = ue. (1.7)

By expressing every term as a function of the current i, we get the following differ-
ential equation:

d2i
dt2 +

R
L

di
dt

+
1

LC
i =

1
L

due

dt
. (1.8)

Which can be written in harmonic notation as:

i
ue

=
1
L jω

−ω2 + R
L jω + 1

LC

. (1.9)

To simplify and generalize further notation, we define the decay time of the res-
onator and its resonant angular frequency as:

1
τ
=

R
2L

, (1.10)

and ω0 =

√
1

LC
− R2

4L2 . (1.11)

The resonance frequency ω0 is not to be confused with the natural frequency of a
resonator ωn = 1√

LC
which is the resonance frequency of the undamped oscillator.
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1.1.4 Differential equation for the mode amplitude

To compare our result with TDCMT, we can define the mode amplitude a for a RLC
resonator. Indeed the energy in such a resonator is stored in the capacitance and in
the inductor, and the total stored energy is:

E =
1
2

Cu2
c +

1
2

Li2. (1.12)

Therefore, we can write the mode amplitude as

a =

√
C
2

uc − j

√
L
2

i. (1.13)

Without assumption on the quality factor of the mode, the differential equation
in terms of mode amplitude of a RLC resonator is

d2a
dt2 +

R
L

da
dt

+
1

LC
a =

j√
2L

(
due

dt
+ j

1√
LC

ue

)
. (1.14)

This differential equation shows very little resemblance with equation (1.1). How-
ever, it can be expressed in the frequency domain as:

a
ue

=
j(ω + 1√

LC
)

−ω2 + jω R
L + 1

LC

j√
2L

. (1.15)

Which can be rewritten as:

a
ue

=
j(ω + ωn)(

j(ω − ω0) +
1
τ

) (
j(ω + ω0) +

1
τ

)κ′, (1.16)

Where κ′ = j√
2L

. In this expression we can check the consistency of our model

with TDCMT. Indeed, if we assume a large quality factor, i.e. 1
τ ≪ ω0, and that we

only look around the resonance frequency, then ωn ≃ ω0 and
(

j(ω + ω0) +
1
τ

)
≃

j(ω + ω0). In that case, the expression for a becomes

a
ue

=
κ′

j(ω − ω0) +
1
τ

, (1.17)

which is the harmonic notation of equation (1.1) from TDCMT. Hence we confirmed
that our approach is consistent with the widely used TDCMT[30, 33, 34].

1.2 Reflection and transmission coefficients from the RLC
model

In the case of a SRR in the THz domain, we do not have access to the current and
voltage inside the circuit. To link the transfer function (1.9) to the result of a spec-
troscopy experiment, we need to derive the transmission and reflection coefficient.

We consider the resonator as a two port system, where s1+ is the amplitude of
the incident wave, s1− is the reflected wave, and s2− is the transmitted wave (see
figure 1.3). We assume that the resonator is illuminated from one side only, hence
s2+ = 0. All the amplitudes are normalized such that their squared modulus is equal
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s1+

s1-

s2-

s2+

Figure 1.3: Schematic of the resonator as a two port system. The res-
onator is approximated as a planar structure, hence all the coefficients
and their phases are expressed from a single reference plane (dashed

line).

to the wave power. Equation (1.8) gives us the current in the loops i as a function
of the input voltage ue. To derive the reflection and transmission formula, we must
link those two variables to the amplitudes of the external propagating waves. The
coupling between the SRR and the far-field is represented by the radiative resistance
Rr. By definition of Rr, the total radiated power from the SRR is Wout = Rri2, but we
need to distinguish between the power emitted forward and backward. Let R1 and
R2 be the radiative resistances representing respectively the backward and forward
emission1, such that Rr =

1
2 (R1 + R2). The amplitudes of the backward and forward

propagating waves emitted from the resonator are:

s1out = i
√

R1ejθ1 , (1.18)

s2out = i
√

R2ejθ2 , (1.19)

Where θ1 and θ2 are the phase differences between the current and the outgoing
waves.

1.2.1 Transmission and reflection on resonator in a homogeneous lossless
medium

When the resonator is embedded in a homogeneous lossless medium, there is no
reflection or absorption outside of the resonance. We have

s1− = i
√

R1ejθ1 , (1.20)

s2− = s1+ + i
√

R2ejθ2 . (1.21)

Since the transmitted power cannot be larger than the incident power, we see from
(1.21) that the value θ2 is not arbitrary. The conditions on the coupling parameters
will be discussed in the next subsection.

1The definition of R1 and R2 is chosen to fulfill the relation (1.29), for consistency with TDCMT[30,
34]
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Symmetrically, the power injected in the resonator from the incident wave is also
proportional to the radiative resistance, hence the voltage induced by the incident
wave s1+ is

ue = s1+
√

R1ejθ1 . (1.22)

We can thus express the transmission and reflection coefficients by combining (1.9),
(1.20), (1.21) and (1.22)[30]:

t =
s2−
s1+

= 1 +
1
L jω

−ω2 + R0+Rr
L jω + 1

LC

√
R1R2ej(θ2+θ1), (1.23)

r =
s1−
s1+

=
1
L jω

−ω2 + R0+Rr
L jω + 1

LC

R1e2jθ1 (1.24)

To express those coefficients with more generic quantities, we define the decay rates
of the resonator as:

1
τ0

=
R0

2L
, (1.25)

1
τe

=
Rr

2L
, (1.26)

1
τ1

=
R1

2L
, (1.27)

1
τ2

=
R2

2L
. (1.28)

By definition of R1 and R2, we have the relation

2
τe

=
1
τ1

+
1
τ2

. (1.29)

Thus

t = 1 +
2jω(

j(ω − ω0) +
1
τ0
+ 1

τe

) (
j(ω + ω0) +

1
τ0
+ 1

τe

) 1√
τ1τ2

ej(θ1+θ2), (1.30)

r =
2jω(

j(ω − ω0) +
1
τ0
+ 1

τe

) (
j(ω + ω0) +

1
τ0
+ 1

τe

) 1
τ1

e2jθ1 . (1.31)

To simplify the notation in the following calculations, let us set

H(jω) =
2jω(

j(ω − ω0) +
1
τ0
+ 1

τe

) (
j(ω + ω0) +

1
τ0
+ 1

τe

) . (1.32)

When the resonator is a planar structure embedded in a homogeneous lossless
medium, the system is fully symmetrical. Thus we have τ1 = τ2 = τe, θ1 = θ2 = θ
and

t = 1 + H(jω)
1
τe

e2jθ , (1.33)

r = H(jω)
1
τe

e2jθ . (1.34)
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1.2.2 General conditions on the coupling parameters for a SRR on a sub-
strate

We have considered the special case where the resonator is floating in a medium with
a homogeneous index. However, SRR in the THz range are almost always fabricated
on a substrate, and are therefore located right at the interface between two media.
This interface has its own reflection and transmission coefficients. Fan et al. showed
in the case of TDCMT how the direct pathway between the ports affects the coupling
parameter of the resonator [34]. The conditions on the coupling parameters arise
from energy conservation and time reversal symmetry. We already took into account
the energy conservation in equation (1.22) by using the same coupling constant for
the energy injected in the resonator as for the energy emitted from the resonator.
Although we are not exactly in the conditions of TDCMT, the reasoning used in
[34] only requires that, without external excitation, the mode of the resonator decays
exponentially into the ports, which remains true in our case.

We define the scattering matrix S of the system as(
s1−
s2−

)
≡ S

(
s1+
s2+

)
. (1.35)

Hence the coefficients of this matrix are the reflection and transmission coefficients
for the forward and backward propagating waves. This scattering matrix can be
expressed as:

S = Cd + H(jω)

(
1
τ1

e2jθ1 1√
τ1τ2

ej(θ1+θ2)

1√
τ1τ2

ej(θ1+θ2) 1
τ2

e2jθ2

)
, (1.36)

where Cd is the scattering matrix of the direct pathway between the ports. Time
reversal symmetry of the system imposes that the matrix Cd and the coupling con-
stants fulfill the following conditions[34]:

Cd

(
1√
τ1

e−jθ1

1√
τ2

e−jθ2

)
= −

(
1√
τ1

ejθ1

1√
τ2

ejθ2

)
. (1.37)

In the case of the interface between two lossless mediums with different refractive
indices, the matrix Cd is explicitly known from Fresnel equations. For the reflec-
tion and transmission coefficient involving a lossy medium, using Fresnel equations
with the complex refractive indices does not give physically correct coefficients and
break the conservation of energy[35–37]. Adapting our models to work with lossy
substrate will be the subject of a future work.

At normal incidence, we have the reflection and transmission coefficient

rd =
n1 − n2

n1 + n2
, (1.38)

and td =
2
√

n1n2

n1 + n2
, (1.39)

where n1 and n2 are the respective refractive indices of the mediums. Here the vari-
able s1+ and s2− are defined such that their modulus squared are the power of the
incident and transmitted beam, hence why the expression for td is different from the
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Fresnel transmission usually written for the electric field amplitude. Thus

Cd =

(
rd td
td −rd

)
, (1.40)

with r2
d + t2

d = 1. For a planar structure like a SRR, the continuity of the transverse
electric field imposes that the phase of the field radiated on each side of the interface
are in phase in the plane of the interface, thus

θ1 = θ2 ≡ θ. (1.41)

Solving (1.37) with (1.40) and (1.41), we get the conditions on the coupling parame-
ters:

τ1

τ2
=

(
1 − rd

td

)2

=
n2

n1
, (1.42)

e2jθ = −1. (1.43)

Combining (1.42) and (1.29) we can express the forward and backward radiative
decay rate as a function of the total radiative decay rate and the refractive indices:

1
τ1

=
2n1

n1 + n2

1
τe

, (1.44)

1
τ2

=
2n2

n1 + n2

1
τe

. (1.45)

Finally, injecting (1.40), (1.43), (1.44) and (1.45) in (1.36), we get the formula for the
reflection and transmission coefficient of a single mode resonator on an interface:

r =
n1 − n2

n1 + n2
−

1
τe

2jω(
j(ω − ω0) +

1
τ0
+ 1

τe

) (
j(ω + ω0) +

1
τ0
+ 1

τe

) 2n1

n1 + n2
, (1.46)

t =
2
√

n1n2

n1 + n2

1 −
1
τe

2jω(
j(ω − ω0) +

1
τ0
+ 1

τe

) (
j(ω + ω0) +

1
τ0
+ 1

τe

)
 . (1.47)

For applications, it is also useful to write the coefficients for the electric field
amplitude, in that case, the transmission coefficient of the interface alone is td f =

2n1
n1+n2

while the reflection coefficient stays the same (rd f = rd), therefore

r f = rd −
1
τe

2jω(
j(ω − ω0) +

1
τ0
+ 1

τe

) (
j(ω + ω0) +

1
τ0
+ 1

τe

) td f , (1.48)

t f = td f

1 −
1
τe

2jω(
j(ω − ω0) +

1
τ0
+ 1

τe

) (
j(ω + ω0) +

1
τ0
+ 1

τe

)
 . (1.49)

We notice in this formulation that the separate decay rates 1
τ1

and 1
τ2

are replaced by
a single coupling factor 1

τe
td f . This result, derived with the general method of Fan et

al.[34] is consistent with the continuity of the transverse electric field at an interface.
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1.2.3 Overall transmission of a SRR on a finite substrate

1 2 3

t12 t23

r21 r23

d

Figure 1.4: Illustration of the transmission, reflection and propagation
involved in the transmission of a resonator on a substrate of thickness

d and refractive index n.

We have calculated the transmission and reflection coefficient for a SRR at the in-
terface between two media. To compare the model with the experiment, we need to
calculate the overall transmission on a substrate with a finite thickness, as illustrated
in figure 1.4. The two partially reflective sides of a substrate creates a Fabry-Pérot
cavity that affects the transmission. The total transmitted field is the sum of the
infinitely many possible paths inside the substrate. The propagation inside the sub-
strate induces a delay represented in the frequency domain by the coefficient ej ωnd

c ,
where n =

√
ε is the refractive index of the substrate, and d is the thickness of the

substrate. The sum of all possible transmission paths is written as

ttotal = t12t23ej ωnd
c

∞

∑
k=0

(
r23r21e2j ωnd

c

)k
=

t12t23ej ωnd
c

1 − r23r21e2j ωnd
c

, (1.50)

where tij (respectively rij) is the transmission (reflection) coefficient from medium
i to j (see figure 1.4). Using the coefficients from equation (1.46) and (1.47) for t12
and r21, and the Fresnel coefficients for t23 and r23, we calculate the overall transmis-
sion coefficient expected from the THz-TDS measurement. Figure 1.5 shows the cal-
culated transmission coefficient for a resonator without substrate, the transmission
from the same resonator on a 150 µm thick quartz substrate, and the same transmis-
sion normalized with the transmission of the bare quartz substrate. The coupling
constant used for this example is 1

τe
= 4.6 × 109 s−1. This value is deliberately low

and corresponds to what we can expect from a single SRR as opposed to an array of
resonators as seen in chapter 4. With such a low coupling constant, the resonance is
almost invisible in comparison with the Fabry-Pérot interference from the substrate.
One can recover the resonance spectrum by dividing the spectrum by the transmis-
sion coefficient of the bare substrate. Figure 1.5 shows that the amplitude of the
resonance is unaffected, but the line takes an asymmetric shape.

Starting from the RLC model, we derived the transmission and reflection coef-
ficients expected from a SRR fabricated on a dielectric substrate. Our model does
not require prior assumption on the quality factor of the mode, and takes into ac-
count the multiple reflections in the substrate. In chapter 4, we will use this model
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Figure 1.5: Transmission spectra of a resonator with a weak coupling
constant 1

τe
= 4.6 · 109. Top: Transmission coefficient without sub-

strate. Middle: Transmission coefficient for the same resonator on
a 150 µm thick quartz substrate. Bottom: Transmission on substrate
normalized with the transmission of the substrate without resonators.
The frequency shift caused by the substrate higher refractive index is

not taken into account in this figure and will be discussed in 1.3.4

to fit the experimental transmission spectrum measured with THz-TDS to evaluate
its validity and extract the parameter of our SRRs.

1.3 Coupling of the resonator with a material

Until now, we have presented analytical tools to predict and characterize the behav-
ior of a SRR. Our motivation is to use the strong field confinement provided by a
SRR to extract information about a material placed in its gap.
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1.3.1 Influence of the refractive index

SRRs and more generally resonant metasurfaces have been used to detect changes
in the medium refractive index[20, 23–25, 38].

In the previous sections, we defined the resonator parameters as

1
τi

=
Ri

2L
, (1.51)

and ω0 =

√
1

LC
− R2

4L2 . (1.52)

where C is the capacitance of the gap. The value of this capacitance depends on
the geometry of the gap and on the permittivity of the surrounding material. For
example in the case of a parallel plate capacitance, we have: C = A

d εε0 where A is
the area of the plates, d is the distance between them, ε is the relative permittivity of
the material between the plates and ε0 is the vacuum permittivity. More generally,
the capacitance of any capacitor is expressed as C = αGεε0 where αG depend on the
geometry of the capacitor.

For a RLC resonator with a high quality factor, such that ω0 = ωn = 1√
LC

, we
have

ω0 =
1
n

1√
LαGε0

, (1.53)

where n =
√

ε is the refractive index of the medium. Hence the rate of change of the
resonance frequency in regard to the medium refractive index is

dω0

dn
= − 1

n2
1√

LαGε0
= −ω0

n
. (1.54)

This means that the variation in the resonance frequency is independent from the
resonator geometry, as long as the capacitance is entirely submerged in the material
of interest. However, this last condition is usually not fulfilled, which requires using
an effective permittivity which is itself dependent on the geometry. This point is
discussed in section 1.3.4.

1.3.2 Capacitance fully filled with a dispersive material

Beside refractive index measurements, one of the main goals of THz spectroscopy is
to detect and identify resonance mode in a material. Such resonances are character-
ized by dispersion in the material permittivity.

In this section, we study how the presence of a dispersive material inside the
capacitance of a SRR affects the transmission and reflection coefficient.

In that case, if we consider a dispersive material, i.e. with ε complex and fre-
quency dependent, the capacitance C becomes itself complex and frequency depen-
dent, but the harmonic notation of equation (1.6) (i = jCωuc) still holds true, and
so does the subsequent formulas for the reflection and transmission. Typically, if the
permittivity of the material in the gap follow a Lorentz model, we have

ε l = ε∞ +
∆εω2

l
ω2

l + jγω − ω2
, (1.55)
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Figure 1.6: Top: Predicted resonance frequency from equation (1.11)
for a RLC resonator with a capacity entirely filled with Glutamic Acid
versus frequency. Despite the real part of the frequency crossing three
times, |ω0 − ω| only has two minima (middle), which are coincident
with the resonances seen in the transmission without substrate (bot-

tom).

where ε∞ is the permittivity at high frequency, ∆ε is the Lorentz oscillator strength,
ωl is the resonant frequency of the oscillator, and γ is the linewidth of the mode. In
that case H becomes a fourth order transfer function, meaning that the resonator can
have up to two resonance modes. For a regular single mode resonator, the resonance
angular frequency is ω0. In the case of the coupled resonator, ω0 as defined in (1.11)
is not a constant, but instead a frequency dependent variable. Nonetheless, it is
still possible to predict the resonant frequencies by looking at the solutions of the
equation

ω = ω0(ω). (1.56)
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Figure 1.7: Transmission spectrum of a resonator without substrate
coupled with Glutamic Acid, for different inductance values, show-

ing the anti-crossing pattern.

If the lorentzian resonance is infinitely thin, i.e. the permittivity is a step function,
then when ω < ωl (respectively ω > ωl) the resonator behaves as a single mode RLC
resonator with a resonance frequency ω1 = ω0(ε = ε∞ + ∆ε) (ω2 = ω0(ε = ε∞)).
Which means there are two distinct resonances under the following condition: ω1 <
ωl < ω2. With a more realistic material, equation (1.56) does not have any exact real
solution since ω0 is a complex number. Nonetheless looking at the real part of ω0 −ω
still gives an intuitive idea of the resonances. Figure 1.6 shows an example with
Lorentz parameter extracted from measurement on Glutamic Acid (see section 4.4.1).
In this example, one can see that the real part of ω0 crosses ω three times, but only
two crossing correspond to actual minima of |ω − ω0| due to the high dielectric
losses. Figure 1.6 shows that the two minima of |ω −ω0| are coincident with minima
in the transmission coefficient of the resonator. It is easy to see with the graph of
ω0(ω) that the system has two resonances only when the resonance frequency of the
RLC with a fixed capacitor is close to the Lorentz resonance of the material. This
behavior is consistent with what is expected from two strongly coupled oscillators,
here being a RLC and the vibration in the material. The anticrossing behavior of
the coupled system is better illustrated in figure 1.7, with the transmission spectrum
calculated for multiple inductance values.

1.3.3 Interpretation with strong coupling theory

In the previous subsection, we used the RLC model to describe a single mode res-
onator coupled with a Lorentz resonator, and predicted a splitting of its fundamental
mode. Such a system is commonly described in the literature as light matter strong
coupling[39, 40]. Two oscillators are considered strongly coupled when the energy
exchange rate between them is higher than the energy dissipation rate of the sys-
tem[41]. This coupling regime is recognizable when both oscillators are tuned at the
same frequency by the existence of two hybrid modes separated by the Rabi split-
ting frequency Ω. Since the coupled system in our model is described by a fourth
order transfer function, it is technically possible to extract analytical value for its
roots and poles, and consequently for the resonance frequency. However, this ap-
proach does not lead to any usable result without strong approximations. We can
nonetheless extract numerically the exchange rate between the resonators directly
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from the transmission coefficient. In the example shown in figure 1.6, based on glu-
tamic acid, we have Ω

2π ≃ 205 GHz. And the normalized Rabi frequency is Ω
wl

≃ 0.17
which means the system is actually in the ultra-strong coupling regime[42], usually
defined by the criteria Ω

wl
> 0.1.

In this regime, the coupled oscillator model predicts that the Rabi splitting fre-
quency is given by [1, 43–47]:

Ω = 2

√(
V
h̄

)2

− 1
16

(
γ − 2

τ

)2

, (1.57)

where V is the interaction energy between the electric field in the resonator and
dipole moment of the material, and γ and 2

τ are the respective linewidth of the
lorentz resonance and SRR resonance. The interaction energy V is given by:

V = d

√
h̄ωl N

2ε0ε∞v
(1.58)

where d is the transition dipole of each molecule, v is the volume of the mode, and
N is the number of molecules coupled with the SRR mode. When the capacitor of
the SRR is fully filled, the ratio N

v is simply the molecular density of the material, in
the case of glutamic acid, N

v = 5.976 × 1027 m−3. As mentioned before, the THz res-
onances from organic crystals such as Glutamic acid are delocalized vibrations and
thus cannot be described from the vibration mode of each individual molecule[5,
48]. It is still possible to extract an effective transition dipole from the absorption of
the material[49, 50]:

d2 =
ε0h̄cn∞

4πωl
γσ, (1.59)

where ε0 is the vacuum permittivity, c is the speed of light in vacuum, n∞ =
√

ε∞
and σ is the maximum absorption cross section of one molecule at resonance. We can
express the cross section as a function of the absorption coefficient α as σ = α

n , and
from Beer-Lambert law, α = 4πκωl

c , where κ is the imaginary part of the refractive in-
dex at resonance, extracted from the Lorentz model. Using the parameters extracted
from THz-TDS measurement of glutamic acid pellets (as in figure 1.6), the coupled
oscillator model predicts the Rabi frequency:

Ω
2π

= 195 GHz, (1.60)

which is in good agreement with the result of the RLC model.
By using a purely linear dispersion model, we are neglecting any saturation ef-

fect. In other words, we assume that the number of photons is much smaller than
the number of Lorentz oscillators in the fundamental state. The Rabi splitting in that
case corresponds to the case where there is no photon in the cavity, and is called
vacuum Rabi splitting[40].

1.3.4 Realistic modelisation of the capacitance

We have discussed the coupling between a RLC circuit and a dispersive material
when the capacitance is entirely filled with the material. However, this configura-
tion is very difficult to achieve experimentally on a SRR. Figure 1.8 shows a more
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+ -
Substrate

SRR

Sample material

Figure 1.8: Schematic side view of the electric field lines in a SRR gap
coupled with a material flake. In this configuration, each field line
goes through a single material, and the gap can be modeled as three

capacitors in parallel.

realistic example of what the capacitor of the SRR looks like during an experiment
for measurement on a microscopic flake of dispersive material. The sample is laid on
top of the SRR gap. Thus the capacitance is only partially filled with the sample ma-
terial, and partially filled with air and the substrate material. Hence the value of the
capacitance is a function of the permittivity of all three materials. Most importantly,
the relation between the permittivities and the capacitance is strongly dependent on
the geometry and position of the sample material.

Capacitance partially filled along the field lines

To study the different ways inhomogeneous permittivity can affect a capacitor, we
come back to the simple case of the parallel plate capacitor. We begin with the case
illustrated in figure 1.9a, where the permittivity is homogeneous along the direction
of the electric field, but not along the direction orthogonal to the electric field. In that
case, the part of the capacitor filled with the material of permittivity ε1 and the part
filled with the material of permittivity ε2 are subject to the same potential difference,
they can be treated as two capacitors in parallel with respective capacitance

C1 = ε0ε1
(1 − F)A

d
, (1.61)

C2 = ε0ε2
FA
d

, (1.62)

where F is the filling factor of the material 2. Hence the total capacitance is given by

C = ε0 ((1 − F)ε1 + Fε2)
A
d

. (1.63)

This expression can be interpreted by defining the effective relative permittivity of
the mixed medium as

εeff,p = (1 − F)ε1 + Fε2. (1.64)

Capacitance partially filled across the field lines

Next we consider the case illustrated in figure 1.9b where the permittivity is inho-
mogeneous in the direction of the electric field, but homogeneous in the orthogonal
direction. Let Q be the charge of the capacitor. The potential difference between the
capacitor plates is found by integrating the electric field along a straight line between
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Figure 1.9: Schematic of a parallel plate capacitance partially filled
with a material of relative permittivity ε2 with a filling factor F. (a):
Inhomogeneity orthogonal to the electric field. (b): Inhomogeneity

along the electric field.

the two capacitor plates.

∆V =

ˆ d

0
E(x)dx (1.65)

We found from Gauss law that the displacement field D in a parallel plate capacitor
is given by D = Q

A , and D = εE. Thus the electric field is uniform inside each
material, and

∆V = (1 − F)
dQ

ε0ε1A
+ F

dQ
ε0ε2A

. (1.66)

We can then express the inverse of the capacitance:

1
C

=
∆V
Q

= (1 − F)
d

ε0ε1A
+ F

d
ε0ε2A

. (1.67)

This is equivalent to two capacitors connected in series. Here the effective relative
permittivity of the mixed medium is given by

1
εeff,s

=
1 − F

ε1
+

F
ε2

, (1.68)

=⇒ εeff,s =
ε1ε2

(1 − F)ε2 + Fε1
. (1.69)

By comparing equations (1.64) and (1.69), one can see that different ways to fill
the capacitor change the nature of the relation between the effective permittivity and
the properties of each material in the capacitor.

Other effective medium models

Effective Medium Models (EMMs) are designed to estimate the electromagnetic
properties of a mixture of materials by defining its effective permittivity[51]. Those
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models can be used to estimate the capacitance of SRR if the mixture can be approx-
imated as homogeneous at the scale of the gap, for example when coupling the SRR
with a fine powder.

A common EMM is the Maxwell-Garnett model [52, 53]. This model assumes
spherical inclusions of permittivity ε2 inside a matrix of permittivity ε1, and that
the quantity of inclusion is small compared to the quantity of matrix material. This
model is adapted to analyze a small quantity of fine powder diluted in a pellet, or
aerosol particle in air. In that case, the effective permittivity of the medium is given
by solving

εeff − ε1

εeff + 2ε1
= F

ε2 − ε1

ε2 + 2ε1
, (1.70)

where F is the volumetric filling factor of the inclusion.
To get rid of the low filling factor hypothesis, Bruggeman [53, 54] developed a

model where both materials are considered as inclusion inside a matrix with permit-
tivity εeff. The effective permittivity in this model is found for any filing factor by
solving

(1 − F)
ε1 − εeff

ε1 + 2εeff
+ F

ε2 − εeff

ε2 + 2εeff
= 0. (1.71)

This model is however still limited to spherical inclusions, or inclusions much
smaller than the electric field spatial variation, which is a strong assumption when
working on a microscopic capacitor.

If the spherical assumption cannot be made, Lichtenecker and Rother [55–58]
developed a more abstract model taking into account the shapes of the inclusions
through a power k ∈ [−1, 1]. The effective permittivity in this model is given by

εk
eff = (1 − F)εk

1 + Fεk
2. (1.72)

The special cases k = 1 and k = −1 are used to describe composite material made of
parallel layers, and are indeed consistent with equations (1.64) and (1.69) from the
parallel plate capacitor model.

Capacitor model with imperfect contact

We have presented a few models for a capacitor partially filled with a sample ma-
terial. We now need to choose which one is more suitable for the geometry of our
experiment. Figure 1.8 shows the ideal configuration for the experiment, where a
flake of the sample material is in direct contact with the metal. If the thickness of
the flake is much larger than the electric field extension, then each electric field line
only goes through one material. Under this condition we treat the capacitor as three
capacitors in parallel, one filled with the sample material, a second filled with air,
and a third filled with the substrate material. We can therefore express the effective
relative permittivity with equation (1.64), except the filling factor F is not a straight-
forward volume ratio, since the electric field is non uniform.

In a real experiment, where a sample flake is placed on top of the SRR with a low
degree of control, the contact between the SRR and the flake is likely to be imperfect.
Figure 1.10a shows a schematic view of the imperfect contact. The permittivity is no
longer uniform along each field line. We model this imperfection by using two dis-
tinct filling factors Fp and Fs representing respectively the filling factor along the di-
rection of the field lines, and the orthogonal the field lines. The meaning of Fp and Fs
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Figure 1.10: (a): Schematic view of an imperfectly placed sample. (b):
Parallel plate capacitor model with the geometrical definition of Fp
and Fs. (c): Equivalent circuit with three capacitors representing the

sample, the air gap and the substrate.

for a parallel plate capacitor is illustrated in figure 1.10b. Neglecting fringing fields,
figure 1.10b is equivalent to three capacitors connected as shown in figure 1.10c.

The equivalent capacitance of figure 1.10c is

Ceff = Csub +
CairCsample

Cair + Csample
. (1.73)

The equivalent relative permittivity is given by

εeff = (1 − Fp)εsub + Fp
εairεsample

(1 − Fs)εsample + Fsεair
. (1.74)

Figure 1.11 shows εeff versus Fs for a fixed value of Fp = 0.5, with a sample
permittivity εsample = 10 and a quartz substrate with permittivity εsub = 4.1. The
graph shows a steep slope when Fs is almost 1. This means that even a small air gap
greatly reduces the coupling between the resonator and the flake.

Figure 1.12 shows the expected transmission spectra for different values of Fs
and Fp. The case Fs = Fp = 1 correspond to a capacitor entirely filled with the
sample material, identical to figure 1.6. The two cases with Fp = 0.5 both correspond
to realistic configurations, since the substrate takes about half of the capacitance,
while Fs can take a large range of values depending on how the sample material
happens to land on the SRR. Finally, the case Fs = Fp = 0.3 corresponds to a weak
coupling configuration where the splitting disappears and is replaced by a single
slightly distorted line. As expected from strong coupling theory, the Rabi splitting
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Figure 1.11: εeff as a function of Fs with εsample = 10, εsub = 4.1,
εair = 1 and Fp = 0.5.
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Figure 1.12: Expected transmission for a SRR coupled with Glutamic
acid for different filling factors. The inductance of the SRR is adjusted

to keep the SRR in tune with the Lorentz resonance.

frequency Ω decreases as the filling factors decrease. The main takeaway from this
figure 1.12 is the fact that the shape of the spectrum varies significantly for different
values of Fs, which means that an experimental measurement on a large array of
SRRs coupled with a sample material will result in a blurry average between spectra
with all kind of different Fs value, unless one of the following conditions is met:

• The coupling with the sample material is perfectly identical for each SRR. This
condition is met for example if the sample material is the substrate itself, or the
surrounding medium.

• The measurement is done on a single resonator instead of an array.

Since our goal is the measurement of microscopic amounts of sample material, the
first condition is virtually impossible to fulfill. Far-field measurements on single
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SRRs in the THz domain are rare in the literature, but Rajabali et al. recently demon-
strated the feasibility of such an experiment with THz-TDS[59]. Hence why we will
perform all our coupling experiments on single SRRs.

1.4 Further improvements

We have gathered a set of tools to interpret as accurately as possible the data from
TDS measurement on a resonator coupled with a dispersive material. We focused
mainly on the coupling with a material following a Lorentz dispersion, but the
model is usable with any dispersion model, or even tabulated data. We discussed
how small differences in the sample material position can strongly affect the final
measurement, and the subsequent necessity of measuring single resonators if the
positioning of the sample is not perfectly reproducible.

Because the model is entirely expressed in physically meaningful variables, more
accurate descriptions of those values can be implemented to make the model more
accurate. Indeed we briefly mentioned in 1.1.2 that some of the physical values that
were implicitly considered as constant could actually be frequency dependent. This
is the case of the radiative resistance Rr which is well known for being highly fre-
quency dependent in antenna theory[31]. This is also true for the ohmic resistance R0
which is more accurately described in terms of the complex conductivity predicted
by the Drude model: R0 = RDC(1 − jωτD), where τD is the mean free time between
ionic collisions in the conductive material, and RDC is the DC resistance. Addition-
ally, we mainly focus on the study of material permittivity through the capacitance
of the SRR, but the model can be adapted to the study of magnetic permeability, by
implementing a dispersive µ in the inductance model. However, this model cannot
predict the higher order mode of the SRR that exists at frequencies for which the
quasi-static approximation is not valid anymore. The perimeter of the SRR designed
for the THz range is typically in the order of 100 µm, which means the frequency
range of a THz-TDS system reaches beyond the quasi-static approximation. There-
fore, we need to be extremely careful in our interpretation of the SRR response at
high frequency. We can also conclude that for a given resonance frequency, a smaller
SRR will follow our model more accurately.

The model and its requirements gives us all the elements needed to design and
characterize SRR, and use them for THz spectroscopy on microscopic samples.
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Chapter 2

Design and fabrication

2.1 SRR design

We have defined in chapter 1 all the parameters of a Split Ring Resonator (SRR) as
a RLC circuit: the ohmic resistance R0, the radiative resistance Rr, the inductance L
and the capacitance C. We described how those parameters relate to the resonance
mode properties: the internal decay time τ0, the external decay time τe, and the res-
onance frequency ω0. We showed that we can take advantage of the relationship
between the capacitance and the permittivity of the surrounding medium to probe
the properties of a dispersive material at an arbitrarily small scale, through a trans-
mission measurement. We now proceed to discuss how to optimize the design of
SRR for the purpose of studying light matter coupling through far-field spectroscopy
methods such as THz Time Domain Spectroscopy (THz-TDS). The following param-
eters need to be taken into account:

Coupling with the far-field: The coupling of a single sub-wavelength object with
the far-field is by nature very weak, therefore it is critical to optimize this pa-
rameter to maximize the signal measurable in far-field spectroscopy.

Quality factor: These parameters define the bandwidth that can be probed with a
SRR, it needs to be adjusted to the material we want to study.

Field confinement volume: The confinement volume in a RLC resonator can theo-
retically be arbitrarily small. We need control over this parameter in our design
to take advantage of this property.

Coupling with the sample material: The design needs to be optimized to maximize
the impact of a sample material on the capacitance.

Conformity with the model: In order to extract quantitative information from a
transmission measurement, we need to make sure our design fulfills all the
hypotheses of the model derived in chapter 1.

2.1.1 Coupling with the far-field

As mentioned before, our SRR are made to be probed with THz-TDS in transmission.
In chapter 1, we divided the losses in two terms: The internal (or Ohmic) losses,
modeled by a resistance R0, and the external (or radiative) losses, modeled by a
resistance Rr. In the two port model used in chapter 1, this strict distinction implies
that all the energy radiated from the SRR ends up in one of the two ports s1− or s2−.
However, in a real spectroscopy experiment with finite numerical aperture, some
of the radiated energy is lost because it never reaches the detector as illustrated in
figure 2.1. This kind of loss is still external loss, but it does not contribute to the
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Uncoupled radiative losses
Emitter Detector
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Figure 2.1: Schematic of a spectroscopic experiment on a resonator on
substrate under normal incidence. All the energy radiated outside of
the blue beam is lost and do not contribute to the coupling with the

detector and receptor.
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Figure 2.2: (a): Schematic of the dipole moments in the single loop
SRR. The current along the loop induces an out of plane magnetic
dipole moment M⃗, while the charges accumulating on each side of the
SRR induce an in plane electric dipole moment P⃗. (b): Schematic of
the dipole moments in the double SRR. The magnetic dipole moments
from both loops are in opposite directions such that the net moments

for the SRR is 0.

coupling with the emitter and detector and is therefore indistinguishable from the
internal loss in our model. Thus the uncoupled radiative loss adds up to the term R0
rather than Rr in the RLC model, despite being fundamentally different from ohmic
loss. Consequently, the coupling with the far-field includes two distinct parameters:

• The total amount of radiative losses, which affects the quality factor of the
resonator.

• The directivity of the radiated field. We want to increase as much as possible
the proportion of radiated energy that couples with the detector and emitter.
For the latter, one needs to pay attention to the far-field pattern.

Magnetic and electric coupling

To tackle both of the mentioned problems of far-field coupling, we need to under-
stand the mechanisms involved in this coupling. A SRR couples to the far-field
through magnetic coupling, when an oscillating magnetic field goes through a con-
ductive loop, leading to an electromotive force[1], and through electric coupling,
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when an oscillating electric field creates an electric dipole moment inside the metal-
lic structure[2]. Both mechanisms play a significant role in the single loop resonator
as illustrated in figure 2.2a. When a SRR is fabricated on a planar substrate, ev-
ery loop of current is necessarily in the plane of the substrate, therefore the magnetic
dipole moment is orthogonal to the substrate. This property is useful when coupling
the SRR with a waveguide, a transmission line[3], a near-field magnetic coupler[4,
5], or when used in a 3D metamaterial[6]. But since we want to probe our SRR in nor-
mal incidence, the magnetic field of a collimated incident beam has no component
orthogonal to the substrate, and a very weak one for a focused beam.

In contrast, the electric dipole moment induced by any charge distribution inside
a plane has to be contained in this plane, which is ideal for coupling with a beam in
normal incidence which has an electric field parallel to the substrate plane[7].

Thus the first modification to reduce the uncoupled radiative losses is to suppress
the magnetic dipole moment of the SRR while keeping the electric dipole moment.
This is classically done by adding a second loop symmetrical to the first one such
that the current distribution is always symmetrical, and the dipole moment of each
loop cancels each other[8, 9], as illustrated in figure 2.2b.

Far-field emission model

We now have a wavelength structure with an electric dipole moment in the direc-
tion of the gap, which can couple with a beam at normal incidence. If the resonator
was designed to be used in a periodic array, we would not need to investigate the
far-field coupling further, since the periodic arrangement guarantees a high degree
of directivity, regardless of the radiation pattern of the individual resonators. In-
deed if the resonators are excited in phase with each other, the emissions that are
not orthogonal to the array plane will interfere destructively. For a single resonator
however, we cannot count on this effect and it becomes relevant to investigate how
to shape the far-field radiation pattern of a SRR. It is important to note that diffrac-
tion prevents any sub-wavelengths source from being highly directional, but it can
still be better than a point dipole source. With the vast majority of SRR experiments
being done on metasurface, the question of the far-field pattern of SRRs is only rarely
mentioned in the literature[10].

Since the structure only has an electric dipole moment, it is comparable to a short
electric dipole antenna. A short dipole antenna is essentially a sub-wavelength lin-
ear wire fed with an oscillating current. The back and forth acceleration of charges
along the wire creates a propagating electromagnetic wave following a radiation
pattern almost identical to a point source dipole[11]. In the double SRR presented
in figure 2.2b, charges are linearly accelerated in both side branches. Therefore we
model the far-field radiation pattern of a double split ring resonator as the radiation
pattern of two point source dipoles located at the position of the side branches, and
oscillating with the same phase (see figure 2.3a). In this model, the emissions from
the dipole sources in the normal direction are perfectly in phase, but the in-plane
emissions, orthogonal to the branches, are phase shifted and thus attenuated by a
factor

α(λ) =
1
2
+

1
2

cos
(

2π
ax

λ

)
, or α(ω) =

1
2
+

1
2

cos
(ωax

c

)
, (2.1)

where ax is the width of the SRR, and λ is the wavelength. It appears from equa-
tion (2.1) that the side emission from a double SRR can be reduced by increasing the
ratio ax

λ . The inductance of a metallic loop is proportional to its surface area. Thus, by
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Figure 2.3: Schematic of three design and their simplified emission
model. (a): Square design. (b): Lateral gap design, expected to be-
have as a single electric dipole. (c): Wide design, expected to be more

directional than the square design.

using loops with the same surface area but a wider aspect ratio, one can increase the
distance between the branches without changing the resonance frequency. Hence
we expect the design illustrated in figure 2.3c is expected to be more directional than
the square design.

On the other hand, the design illustrated in figure 2.3b features only one branch
where charges are accelerated. This SRR is expected to have a radiation pattern
similar to a single short dipole antenna.

Model verification with FDTD simulation

To check the validity of the proposed far-field emission model, we simulate the
presented designs without substrate with Finite Difference Time Domain (FDTD)
from Lumerical. The SRR is excited with a Total-Field Scattered-Field (TFSF) source,
which simulates a plane wave inside a closed box containing the SRR, and sup-
presses the plane wave outside the box, leaving only the scattered field. The far-field
radiation pattern is projected from the field measured on a closed box containing
the TFSF box. We will see in chapter 4 and 3 that the FDTD simulations are consis-
tent with THz-TDS and Scanning Near-field Optical Microscopy (SNOM) measure-
ments. Figure 2.4a shows the simulated pattern for a square SRR with ax = 30 µm
and a branch width w = 2 µm. For comparison, figure 2.4b shows the simulated
radiation pattern from a single dipole sources and from two dipole source laterally
spaced by 28 µm. Differences between figure 2.4a and 2.4b is likely due to the emis-
sion from the remaining magnetic quadrupole, and oscillating current outside of the
main branches, which are neglected in this model. Nonetheless, the radiation pat-
tern from the SRR shows a good agreement with the simplified emission model with
two dipoles. Even the square design proves to be significantly more directional than
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(a) (b) (c) (d)

(e)

Figure 2.4: Simulated far-field radiation pattern from different de-
signs and models without substrate. (a): Square SRR design (fig-
ure 2.3a). (b): 2 point dipole sources spaced like the branches of the
square design. (c): Wide SRR design (figure 2.3c). (d): Lateral gap

design (figure 2.3b). All the patterns are oriented as the SRR in (e).

a single point source dipole. The far-field pattern from the wide SRR (figure 2.4c)
and from the SRR with lateral gap (figure 2.4d) further confirms the predictive effi-
ciency of our simplified model. Cross sections of the far-fields in the XZ plane are
shown in figure 2.5, where we can see that the square SRR is actually slightly better
than the prediction from the simplified model, while the lateral gap SRR is slightly
worse. Figure 2.5 confirms that the wide design is indeed the best one by far on the
directivity criteria.

However, one has to keep in mind that increasing the ratio ax
λ this way also in-

creases the perimeters of the loops, which decreases the validity of the quasi-static
approximation and thus makes the SRR less reliable for extracting information us-
ing the model presented in chapter 1. Hence why we will keep the square shape
illustrated in figure 2.2b since it minimizes the length of the loops while still having
a narrower far-field radiation pattern than a single dipole.

Overall amplitude of the radiated field

We identified the oscillating currents in the continuous branches along y⃗ as the main
source of radiative emission (see figure 2.5 for axis definition). We saw that approxi-
mating those branches with short dipole antennas is valid to predict the shape of the
radiation pattern. We will now check the validity of this approximation to predict
the overall intensity of the radiated field.
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Figure 2.5: Normalized polar plot of the scattered intensity in the XZ
plane for all the presented designs and from the simplified dipole
model of the square design. Axis are defined in the left picture. 0◦

correspond to the x⃗ direction.

As mentioned in chapter 1, the concept of radiative resistance is commonly used
to model the radiative losses of an antenna. It is defined as Rr =

W
I2 , where W is the

total radiated power and I is the current injected in the antenna. For a short dipole
antenna with a central feed-point, the radiative resistance is given by[12]:

Rr =
π

6
Z0

( ay

λ

)2
=

Z0

24πc2

(
ayω

)2 , (2.2)

where ay is the length of the antenna (see figure 2.9a lengths definitions), and
Z0 ≃ 377 Ω is the impedance of free space. Equation (2.2) is derived using a ef-
fective current equal to the average current over the antenna. The average current
in a regular short dipole antenna is half of the maximum current, since the current
distribution linearly drops to zero toward the extremities. This is however not the
case for a SRR. We expect the real resistance to differ from (2.2) by a multiplicative
constant. It is possible to reduce the radiative resistance of the SRR by reducing the
length ay. However, it does not necessarily mean that the radiative losses would
decrease. Indeed, the decay rate of the resonator is given by

1
τ
=

R
2L

. (2.3)

Let us consider a square SRRs design, where we only change the parameters a =
ax = ay and A

G , while keeping the thickness constant. The inductance L is propor-
tional to the area of the loops. We can define the constant β such that L = βa2

y, we
have

1
τ
=

πZ0

12βc2 ω2, (2.4)

or Q =
6βc2ω0

πZ0ω2 . (2.5)

Here we see that the short dipole model predicts that for a given resonance fre-
quency (kept constant by changing C), the decay rate is independent from the size
of the resonator. Because of Rr being frequency dependent, Q and τ as defined
from equation (2.3) also become frequency dependent. Although it does not pose
any fundamental problem to use those expression in the context of the RLC model
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in chapter 1, they do not match the regular definition of quality factor and decay
rate. Indeed those values simply describe how quickly a damped oscillator loses its
energy. Thus a resonant mode only has one single value for its quality factor and
decay rate. If we assume that the radiative resistance variation are negligible over
the bandwidth of the resonances ( 2

τ
dRr
dω ≪ Rr), the real quality factor of the mode is

given by evaluating (2.5) for ω = ω0:

Q =
6βc2

πZ0ω0
. (2.6)

Thus the short dipole model also predicts the quality factor of low frequency res-
onators to be higher than the high frequency ones. We will see in section 2.1.1 and
chapter 4 that this statement is in contradiction with the FDTD simulations and THz-
TDS experiments.

Consequences of the resistance variation over the resonance bandwidth

10 11 12 13 14 15 16 17 18 19 20
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.)

Expected decay with R ∝ ω2

Damped sine fit

Figure 2.6: Calculated time domain response to an impulsion from a
RLC circuit with R ∝ ω2, compared to a damped sinusoidal function.

The normalized error is χ2 = 4 × 10−11.

Since SRRs do not necessarily have extremely high quality factors, we shall eval-
uate how the variation of radiative resistance affects the estimation of the quality
factor. More specifically, we want to check that the concept of quality factor is valid
for an oscillator with a frequency dependent damping factor, and how good is the
approximation (2.6).

To do so, we numerically calculate the time domain response of a RLC circuit
from the transfer function derived in chapter 1, with the radiative resistance of a
short dipole antenna, with parameters chosen such that Q(ω = ω0) = 5. The time
response of the circuit to a pulse excitation is the inverse Fourier transform of its
transfer function. We then fit the damped oscillation with an exponentially decaying
sinusoidal function to extract the actual decay time and quality factor of the mode.

Figure 2.6 shows that the response of a RLC circuit with a frequency dependent
R ∝ ω2 still matches a damped sine function (normalized error 4 × 10−11). Thus
it still makes full sense to talk about decay rates and quality factor for this type
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Antenna type Radiative resistance Type of scaling

Short dipole[12]
π

6
Z0

( ay

λ

)2
∝ ω2

Loop of circumference C ≪ λ[12] 20π2
(

C2

λ2

)2

∝ ω4

Loop of any circumference C[1]
Z0C
2λ

ˆ 2 C
λ

0
J2(y)dy ∝ ω4 for C ≪ λ,

∝ ω for C ≫ λ

Table 2.1: Radiative resistances of common antenna.

of system. The extracted quality factor of this damped oscillation is Qfit5 = 5.038.
Doing the same numerical experiment with Q(ω = ω0) = 20, we get Qfit20 = 20.155.
In both cases, the quality factor obtained from evaluating the decay rate from the
definition in a RLC circuit (2.3) with ω = ω0 slightly underestimates the real quality
factor by about 0.76%.

We mentioned in chapter 1, the radiation resistance and its dependence to the
frequency is different from one model to another. The radiative resistance formulas
of a few types of antenna are summarized in table 2.1. In a circuit involving a small
loop antenna, the radiative resistance scales with the fourth power of the frequency.
In that case, the same numerical experiment gives fitted quality factors Qfit5 = 5.11
and Qfit20 = 20.2. Which correspond respectively to 1.02% and 1.01% errors.

Even with a resistance scaling with the fourth power of the frequency, the tem-
poral response of the circuit is still an exponentially decaying oscillation, hence the
concept of quality factor stays valid. Furthermore, the evaluation of Q at ω = ω0
stays a good approximation even with stronger variation of R.

Influence of the design on the quality factor in FDTD simulations

(a) (b)

Figure 2.7: Two designs for SRR with large capacitance.

Despite being quite effective to predict the shape of far-field patterns, the short
dipole model is likely to be too simplistic to quantitatively predict the decay rate of a
real resonator. We will check the validity of the model, and especially equation (2.4),
by looking at the variation of the quality factor of a SRR in the following scenarios:
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• Square SRRs with same resonance frequency, but different C
L ratio.

• Constant inductance, varying capacitance.

• Constant capacitance, varying inductance.

All the simulations are done with Perfect Electrical Conductor (PEC), so that the
quality factor is entirely defined by the radiative losses. The decay rates are extracted
from the time domain response of a SRR to a pulse excitation. The capacitance can
be tuned using one ot the two designs illustrated in figure 2.7. For this test, we chose
the design from figure 2.7b, as it has a lesser impact on the inductance. However for
experiments involving real metal instead of PEC, the design from figure 2.7a shall
be considered for its lower ohmic losses.

Before we can judge the validity of the short dipole model, we first need to make
sure that our expression of the inductance as L = βa2

y is coherent with the simu-
lations. Since ω0 ≃ 1√

LC
, λ0 is directly proportional to

√
L when C is a constant.

Figure 2.8 shows the simulated resonant wavelength λ0 = 2πc
ω0

for different sizes
a = ax = ay and identical capacitors. The simulations confirms the linear relation-
ship λ0 ∝ a, and thus L ∝ a2. Hence the validity of equation (2.6) relies only on the
validity of the short dipole approximation.

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

·10−5

1

1.5

2

·10−4

a (m)

λ
0

(m
)

Figure 2.8: Simulated resonance wavelength of square SRRs for dif-
ferent sizes a = ax = ay and identical capacitance. The continuous
line is the linear regression with r2 = 0.99948, and a slope λ0

a = 5.71

Figure 2.9b shows the quality factor of 6 resonators with sizes ranging from
24 µm to 38 µm, and a gap ratio A

G (see figure 2.9a) adapted to keep the resonance
frequency at 1.8 THz. The simulated evolution of the quality factor at constant reso-
nance frequency is in clear contradiction with the short dipole model, and in partic-
ular with equation (2.6), which predicted a quality factor independent from the size
parameter a. On the other hand, the simulation shows very little variation of the
quality factor when changing only the size a (see figure 2.9c), while equation (2.6)
predict a linear growth. At last figure 2.9d shows the variation of the quality factor
as function of the wavelength of the mode, for SRRs with identical size and capaci-
tance ratio A

G ranging from 0 to 30. Here equation (2.6) also predicts a linear growth,
while the simulation shows a much faster growth.
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Figure 2.9: (a): Main dimension of a SRR. (b), (c) and (d): Simulated
quality factor for square SRRs in PEC, for different sizes a = ax = ay

and gap ratio A
G . (b): Varying size a, with a gap ratio adapted to keep

the resonance at 1.8 THz. (c): Varying size a, identical capacitance.
(d): Varying gap ratio, identical size a, represented as a function of
the resonance wavelength λ0. All those graphs are in complete dis-

agreement with the short dipole model.

Figure 2.9b, 2.9c and 2.9d show that the quality factor for a square resonator
mostly depends on the ratio a

λ0
and that the short dipole approximation widely un-

derestimate the influence of the frequency on the quality factor. Assuming the qual-

ity factor takes the form Q = α
(

a
λ0

)p
, a linear regression on log(Q) = f

(
log
(

a
λ0

))
gives a power p ≃ −5.7.

In conclusion, although the far-field analysis showed that a symmetrical SRR
mostly radiates from its continuous branches along the y⃗ axis with a radiation pat-
tern similar to a short dipole antenna, it is clear that the expression of the radiative
resistance (2.2) for a short dipole antenna of length ay is not valid in our design. This
discrepancy likely comes from one or several of the following assumptions:

• In figure 2.8, we have established that
√

LC scales with a, and therefore L scale
with a2. This relies on the assumption that C does not change with a.

• The current distribution in the branch of a SRR is different from the current
distribution in a real short dipole antenna. For a given SRR shape, this induces
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a deviation from equation (2.2) by a multiplicative factor. We assumed that this
factor is not strongly dependent on the size a. Having this factor proportional
to a would explain the result from figure 2.9c.

• The radiative resistance does not take into account the possible interaction be-
tween both dipoles. For example, we have neglected the radiative resistance
induced by the magnetic dipoles because their far-field radiation mostly can-
cels each other. This type of interference effect is absent from the radiative
resistance formula. We know from figure 2.5 that the interference between the
dipoles does exist and attenuate the radiation in some direction[13]. However,
we assumed that this effect would have a negligible impact on the total radi-
ated power.

• We mentioned in the previous chapter (section 1.1.2) that the radiative losses of
a SRR could possibly be more accurately described with a resistance in parallel
with the inductance, instead of in series. In that case, the decay rate of the
circuit would not scale with R

L , but with 1
RC . Hence the quality factor of a

parallel RLC circuit grows with the capacitance, which is closer to what we
observe.

Finding out the precise nature of the inconsistency requires further investigations
which are out of the scope of this thesis. Indeed, from a design point of view, the
main takeaway of this section is that the quality factor from a square SRR without
ohmic losses grows quickly with λ0

a . Since λ0
a grows with the capacitance, we have

identified a straightforward way to tune the radiative coupling of a SRR.

2.1.2 Quality factor design

The quality factor of a resonance mode is defined by the losses of the mode. This
includes the ohmic losses as well as the radiative losses, already discussed above.
The desired quality factor depends on the application. Indeed a high quality factor
means the resonator will be very sensitive, but on a narrow bandwidth, while a low
quality factor allows one to probe a sample material on a broader range of frequency.
Furthermore, for the specific purpose of achieving the strong coupling regime, the
quality factor of the SRR should be as close as possible to the quality factor of the
resonance of the sample material[14, 15]. This means our goal is not necessarily to
have the highest quality factor possible. In case we need to purposefully decrease
the quality factor of a SRR, it is highly preferable to do so by increasing the radiative
losses rather than the internal ones, since they also improve the coupling with the
THz-TDS system. Thus we want to decrease as much as possible the internal losses,
and use the radiative losses to tune the quality factor.

To keep the ohmic losses as low as possible:

1. We use gold for the fabrication, as it is a good conductor in the THz range, and
does not oxidize.

2. We chose a thickness of 500 nm, larger than the skin depth of Gold in the THz.

3. We use relatively large branches and scale their width with their length, such
that the large SRRs designed for low frequency do not have more ohmic resis-
tance than the one designed for higher frequency. ( w

ax
= 0.1)

We peformed FDTD simulation for such a SRR, using tabulated gold permittivity
in the THz[16]. This design reaches quality factors up to 40. For comparison, the
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Lorrentz resonance of Glutamic Acid at 1.2 THz has a quality factor QGA ≃ 29.3.
Therefore our design is perfectly suitable to reach the criteria QSRR = QGA, leading
to the highest possible Rabi splitting frequency[15].

2.1.3 Field confinement volume

Figure 2.10: SRRs with identical A
G ratio, but decreasing confinement

volume.

Our main goal is to use the highly confined electric field provided by a SRR
to probe the properties of a sample material at scales ranging from a few tens of
nanometers, to several micrometers. For this purpose, we need to be able to control
the field confinement volume without changing too much the other properties of the
resonator.

The electric field confinement volume is defined by the shape of the capacitor.
In any capacitance model, the value of C is roughly proportional to the surface
area available for charge accumulation, and inversely proportional to the distance
between the two conductors forming the capacitor. Unless the distance G (see fig-
ure 2.9a for definition of the SRR dimensions) is much smaller than the thickness of
the SRR, we cannot define an accurate value for the surface area as in the parallel
plates capacitor model. To design our resonator, we approximate the surface area
as being directly proportional to A. Under this approximation, we can change the
confinement volume without changing the capacitance as long as we keep a con-
stant ratio A

G . To avoid extremely thin branches that would cause high ohmic losses,
we adopt a trapezoidal design for the capacitor branches. Figure 2.10 shows three
SRRs designed to have the same capacitance but widely different field confinement
volume.

2.1.4 Coupling with the sample material

When coupling the capacitor of the SRR with a sample material, the best coupling
possible would be similar to the cross section represented in figure 2.11a. As dis-
cussed in chapter 1, a significant part of the electric field is actually confined in the
substrate. The only way to prevent this would be to chemically under-etch the sub-
strate (See figure 2.11b). However, this solution would greatly complexify the ex-
periment as one would need to fill the irregularly shaped cavity formed under the
gap.

Leaving the under-etching solution aside, it is still possible to optimize the cou-
pling efficiency with the choice of the substrate material. Indeed the energy stored
in a capacitor is given by

E =
1
2

Cu2. (2.7)
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Figure 2.11: (a): Cross section of a SRR gap on substrate ideally cou-
pled to a sample material. (b): Schematic cross section of a gap with
an under-etched substrate. This technique can technically improve
the coupling, under the condition that one can efficiently fill the cav-

ity formed under the gold.

We have seen in chapter 1 that the capacitor is equivalent to two capacitors in par-
allel, one being filled with the substrate material while the other one is filled either
with the sample material, or a mix of air and sample material. Since the capacitance
is directly proportional to the permittivity of the filling medium, one can decrease
the proportion of the resonator energy interacting with the substrate rather than the
sample by choosing a substrate with a low permittivity.

Choice of the substrate material

Since we are probing our SRRs with THz-TDS in transmission, the main require-
ments for the substrate material are:

1. Very transparent in the TDS bandwidth, i.e. from 200 GHz to 6 THz.

2. Compatible with a lithography process

3. Low refractive index

The first two point leave us with the following main candidates: Silicon, Germa-
nium, quartz and diamond. Quartz is more suitable for our application as it has the
lowest permittivity εSiO2

= 4.41. There exist material with even lower permittivity,
such as organic material like Kapton or PTFE[17], or even exotic material like sil-
ica based aerogel[18]. But fabrication processes on those materials are not nearly as
mature as processes on SiO2, and developing them is out of the scope of this thesis.

2.1.5 Conformity with the RLC model

Our last criteria for the SRR is the validity of all the hypotheses of the RLC model de-
veloped in chapter 1. The most critical hypothesis is the quasi-static approximation.
The simulated resonance frequency of a resonator with dimensions ax = ay = 30 µm
and gap ratio A

G = 1 is f0 = 1.5 THz, which correspond to a wavelength λ = 200 µm.
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The perimeter of each loop of such a resonator is l = 90 µm which is only slightly
less than half the resonant wavelength. Such SRR is very close to the limit of validity
of the model. Note that going away from the model is not a bad thing on its own, but
it makes the interpretation of the result more difficult, hence why we choose to stay
as close as possible to the model conditions. Reducing the length of the loops also
reduces the inductance, which has to be compensated with higher capacitance value.
Therefore it is preferable to use SRR with higher A

G ratio like the ones represented in
figure 2.7a and 2.7b whenever it is compatible with the desired confinement volume.

Another hypothesis made for the RLC model is the absence of losses in the sub-
strate. This criteria was already checked in the previous subsection.

2.2 Fabrication

2.2.1 Main process

1

2

3

4

5

6

Quartz substrate

MMA
PMMA

Germanium

Gold

Exposed resist

Titanium

7
Figure 2.12: Schematic illustration of the resonator fabrication pro-

cess.

We have defined all the main characteristics of our SRR design. In particular,
we decided that they would be 500 nm thick gold structures fabricated on a Quartz
substrate. We fabricate them with an electron beam lithography process. The main
step of the process, illustrated in figure 2.12, are:

1. Cleaning of a bare quartz substrate using piranha solution (2 part sulfuric acid
for 1 part hydrogen peroxide). In addition to the cleaning, the highly oxidiz-
ing piranha makes the surface hydrophilic by introducing −OH termination
(hydroxylation). This ensures a good and reproducible adhesion of the resist
coating.
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2. Spin-coating of a double positive resist layer (MMA/PMMA). The bottom
layer is 800 nm thick, the top layer is ≃ 20 nm thick.

3. Deposition of 10 nm Ge layer by electron-beam evaporation. Because the sub-
strate is insulating, this step is necessary to make the substrate the sample
conductive and avoid charge accumulation during the e-beam writing step.

4. Electron beam writing of the SRR shape. The exposure makes the top resist
layer locally soluble in the developer.

5. Ge removal using hydrogen peroxide and resist development. The different
dissolution rate of the two layers creates the undercut profile necessary for the
lift-off.

6. Deposition of a 20 nm thick layer of titanium for the adhesion and 500 nm of
gold.

7. Stripping of the remaining resist to remove everything but the SRRs (Lift-off).

(a) (b)

(c) (d)

Figure 2.13: SEM images of fabricated SRRs. (a), (b) and (c): Examples
with different parameters. (d): Close up view on a ∼ 28 nm gap.

Figure 2.13 shows SEM images of SRRs fabricated according to this process. We
observe an excellent conformity with the desired shapes. We were able to achieve
gap sizes less than 30 nm on a thinner SRR (200 nm), as shown in figure 2.13d. For a
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SRR with a resonance at λ0 = 100 µm, this correspond to a confinement volume

V ≃ 30 nm × 30 nm × 200 nm =

(
λ0

1770

)3

. (2.8)

2.2.2 Optional surface treatment
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Figure 2.14: Schematic illustration of the OTS adsorption on the sam-
ple, depending on the initial surface state. (a) and (b): Two possible
adsorption mechanisms (ligand exchange and direct hydrolysis). (c)
Ideal situation where the initial surface state presents a high density
of hydroxyls, and the OTS forms a hydrophobic monolayer. (d): dis-
organized adsorption resulting from a low density of hydroxyls. The
initial treatment of the quartz substrate with piranha solution should

ensure an ideal hydroxyl density. Figure reproduced from [19].

To couple the SRRs with a material such as amino acid crystals, some method
involve the deposition of a droplet of saturated solution on a SRR, for the material
to crystallize directly on the SRR (see chapter 4). To improve the chances of a crystal
actually forming on the SRR and not somewhere around, the droplet should be as
small as possible. At the end of the previously described process, we are left with
a highly hydrophilic sample. This causes the droplets to spread out on a large sur-
face, which not only reduces the chances of getting a crystal on the SRR, but also
speeds up the evaporation, and thus reduces the quality of the crystals. To improve
the viability of this deposition method, we use surface functionalization with Oc-
tadecyltrichlorosilane (OTS). the OTS molecules form a hydrophobic self-assembled
monolayer on a surface densely populated with hydroxyl groups −OH as illustrated
on figure 2.14[19]. The surface of quartz previously treated with piranha solution is
ideal for this surface functionalization[20].
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We start by cleaning the surface with UV/Ozone for 15 minutes to remove poten-
tial contaminants[21]. Then we let the sample react in a solution of 20 µL OTS diluted
in enough Hexane to cover the sample for another 15 minutes. The sample is then
rinsed several times with clean Hexane to remove the excess OTS. Because OTS is
highly reactive with water, the reaction and first rinse are done under a dry nitrogen
atmosphere. Figure 2.15 shows the comparison of a water droplet on the sample
after OTS treatment, compared to a water droplet on an untreated quartz substrate.
We successfully made the sample hydrophobic with a contact angle greater than 90◦.

(a) (b)

Figure 2.15: Comparison of the shape of water droplets on quartz
with different surface states. (a): Quartz substrate after cleaning in

piranha solution. (b): Sample after OTS surface functionalization.

2.3 Limitation of the design and process

We studied in detail how to design a SRR optimized for far-field measurement and
capacitive coupling, with a wide control over its directivity, its quality factor and
over the electric field confinement, even though the precise nature of the relation be-
tween the radiative decay rate and the SRR shape are still to be clarified. Although
it is possible to design SRRs with strong directivity, it requires larger structure, in-
compatible with the quasi-static approximation. We demonstrated the viability of
the e-beam lithography process to fabricate SRRs with gap sizes down to a few tens
of nanometers. In an experiment on a SRR array, all the SRRs need to be virtually
identical, which requires a fabrication process with an excellent yield. Since we are
aiming at experiments on single resonators, any yield above 10% would be viable.
Hence we can afford to aim at gap sizes at the edge of the possibilities offered by e-
beam lithography. Alternatively, we can reach even smaller dimensions with a two
step process for thinner gold close to the center of the SRR, and directly cutting a gap
with Focused Ion Beam (FIB), then the limit is not the fabrication process, but quan-
tum effects such as electrons tunneling through the gap for gap sizes smaller than
a few nanometers[22]. Such effects would drastically change the nature of the res-
onator. This kind of SRRs would open the way to spectroscopy and optical trapping
of single proteins.
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In the next chapters, we will characterize the near-field and far-field properties
of the fabricated SRRs, in order to check the viability of the analytical model, and
proceed to the coupling experiment with dispersive material.
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Chapter 3

Near-field characterization

Most of the results presented in this chapter were published in ACS Applied Mate-
rials & Interfaces[1].

3.1 Near-field

In the previous chapters, we designed and fabricated Split Ring Resonators (SRRs)
theoretically optimized to provide strong electric field enhancement in their capaci-
tive gaps. Furthermore, working with single resonators allows us to push our fabri-
cation process to its limit, with gap sizes down to 30 nm. In a context where the field
confinement is the main feature of our design, and is likely to deviate from the simu-
lation due to fluctuations in the fabrication process, characterization of the field pro-
file is necessary. The gap size of a SRR, typically between a few tens of nanometers
and a few micrometers, is far below the diffraction limit in the THz range. Thus the
characterization of the field profile is only possible through near-field microscopy.

The idea of using near-field microscopy for imaging beyond the diffraction limit
is not specific to THz. The concept of near-field microscopy was first mentioned by
Synge in 1928 in an article entitled “A suggested method for extending microscopic resolu-
tion into the ultra-microscopic region”[2]. He suggested using an intensely illuminated
10 nm aperture in an opaque plate to scan a sample and construct an image with a
resolution that only depends on the diameter of the aperture. The described method
corresponds to the main principles of modern aperture Scanning Near-field Opti-
cal Microscopy (a-SNOM)[3]. The first experimental demonstration of this method
was performed in the microwave range by Ash et al., who achieved a resolution of
λ/60[4]. With the progress made to accurately control displacements at the nano-
scale, near-field microscopy was then brought up to the visible range[5–7].

In the THz range, microscopy techniques have been developed, relying on the
detection of the evanescent near-field[1]. Typically, these schemes detect the inter-
actions between THz radiation, the sample and a raster-scanning sub-λ probe [8].
Different imaging apparatus and near-field probes have been explored to reach sub-
λ resolution: In THz emission microscopy, the probe is a focused femtosecond laser
beam of shorter wavelength interacting with the sample, or the substrate beneath, to
emit THz radiation [9, 10]. Additionally, solid probes illuminated by THz radiation
such as photoconductive (PC) detectors [11–13], electro-optic sensors [14], waveg-
uides [15] or tips with [16] or without aperture [17] have demonstrated the ability
to detect the near-field. It is also worth mentioning that out of scanning microscopy
schemes, real-time THz microscopy has been demonstrated, but requires objects to
be placed on electro-optic crystals [18].
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3.2 s-SNOM

Scattering Scanning Near-field Optical Microscopy (s-SNOM) is an aperture-less
near-field imaging method. It uses the probe of an Atomic Force Microscope (AFM)
operating in intermittent tapping mode to scan a sample under external illumina-
tion. The sharp probe couples to the electric field at the surface of the sample, and
scatters it in the far-field.

In the simplest model, the probe is reduced to its apex, approximated as a sub-
wavelength polarizable sphere[3] (see 5.2 on page 101 for more detail on polariz-
ability), and the scattered field is estimated with the point electric dipole model.
With this model, the scattered intensity is proportional to the local field intensity,
in accordance with Rayleigh scattering[19], and to the squared modulus of the tip
polarizability, which itself depends on the properties of the surrounding materials.
However, the validity of this model is quite limited, especially in the THz range
where the probe giving the best results are long metallic (or metal coated) tips, with
a length in the order of magnitude of the wavelength. Such probes are more accu-
rately described as antennas, rather than point dipoles.

By measuring the scattered field, a s-SNOM produces images with resolution
much finer than the wavelength. The highest resolution recorded to date in the THz
is less than 15 nm[20].

3.2.1 Set-up description
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Figure 3.1: Schematic representation of the s-SNOM setup (not to
scale). (a): The beam of a CO2-pumped methanol gas laser enters the
interferometer of the microscope and is focused by a parabolic mirror
on the tip in intermittent contact with the sample. The parabolic mir-
ror also collects the scattered near-field and the background. Optical
signals are combined with the reference arm of the interferometer and
detected by an InSb hot electrons bolometer. We use a mylar beam-
splitter for the interferometer. (b): Side view of the parabolic mirror,
the probe and the sample. The NS axis is defined as the direction or-

thogonal to the parabolic mirror[1].

We employ a s-SNOM apparatus based on the NeaSNOM microscope from Nea-
spec1. The THz source is a CO2 pumped methanol gas laser (FIRL-100, Edinburgh

1https://www.qd-latam.com/_libs/dwns/668.pdf

https://www.qd-latam.com/_libs/dwns/668.pdf
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Instruments2) emitting at 2.522 THz (continuous wave). To adapt the beam size to
the dimension of the internal optics of the neaSNOM, the beam size is reduced with
a set of two confocal parabolic mirrors. In addition, this set of mirrors also allows to
compensate for the non negligible diffraction of the THz beam along the one meter
long path between the laser and the microscope. At the entrance of the integrated in-
terferometer of the microscope, we measured typical constant optical power during
a scan between 20 and 40 mW.

The incident beam is polarized in the plane of incidence (p-polarized), conse-
quently, there is an incident vertical component that is parallel to the tip and effi-
ciently coupled with its long metal-coated shaft (see 3.2.4). This configuration was
selected through trial and error since attempts of s-SNOM imaging with an incident
s-polarized beam exhibited poor signal-to-noise ratios and electric field concentra-
tions were indistinguishable for SRRs oriented with ψ = 0 or 90◦ (not shown), with
ψ defined as the angle between the SRR and the NS axis (axis defined in figure 3.1).
It can be explained by the fact that, with s-polarization, the coupling of the incident
radiation with the tip is very low. The resulting coupling between the weakly con-
centrated light and the SRR is lower compared to the p-polarization where light is
efficiently coupled to the tip. For ψ = 90◦ and with s-polarization, the incident elec-
tric field is ideally polarized to couple directly to the SRR. The poor signal to noise
ratio in this configuration suggests that the tip does not efficiently perturbs the field
distribution due to its small coupling with the SRR.

Inside the microscope is a Michelson interferometer with a plane mirror for the
reference arm. On the other arm, the beam is focused on the AFM stage with an-
other parabolic mirror. The scattered field is collected with the same parabolic mir-
ror, combined with the reference beam and sent to the detector. The interferometer
increases the sensitivity of the microscope by converting phase modulations to am-
plitude modulations.

The detector is a pulse-tube-cooled InSb hot electron bolometer (QMC Instru-
ments). This detector is polarization independent. However the phase modulation
is detected by interference with a polarized reference beam, thus the detection scheme
is polarization dependent.

3.2.2 Detection scheme

To discriminate the near-field signal from the so-called background signal (i.e. any
light reflected independently from the near-field interaction), we use homodyne de-
tection (HD)[21]: the AFM probe oscillates at a frequency Ω close to its eigenfre-
quency and the signal is demodulated at the higher order harmonics of the probe
driving frequency nΩ, where n is an integer. Hence the parts of the signal that are
independent or linearly dependent on the probe vertical position are eliminated.
Going to higher harmonics, we decrease the proportion of background signal, but
we also decrease the overall signal intensity and thus the signal to noise ratio. Un-
less specified otherwise, all the images shown in this chapter are demodulated at the
second harmonic (n = 2), as it is most often the best compromise between noise and
background reduction.

In the HD scheme, the intensity received by the detector and demodulated at nΩ
can be expressed as:

In =
[
|Es|2

]
n + 2

[
|Es||Ebg| cos(ϕs − ϕbg)

]
n + 2 [|Es||ER| cos(ϕs − ϕR)]n , (3.1)

2https://www.edinst.com/products/firl-100-pumped-fir-system/

https://www.edinst.com/products/firl-100-pumped-fir-system/
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where [x]n is the variable x demodulated at the harmonic nΩ, and ϕS, ϕbg and ϕR are
the respective phases of the scattered near-field, the background and the reference
beam. Equation (3.1) can be approximated as equation (3.2), provided that |ER| ≫
|Ebg|:

In ≈
[
|Es|2

]
n + 2 [|Es||ER| cos(ϕs − ϕR)]n . (3.2)

The HD scheme in pair with the interferometer detects a product of the amplitude
and phase modulation. The phase and amplitude information cannot be separated
with HD only. If we assume that the scattered field is only modulated in ampli-
tude, then |Es|2 is more strongly modulated than |Es|, and the demodulated signal is
approximated as In ≈

[
|Es|2

]
n. In that case, the reference arm can be completely re-

moved. This configuration gives good results in the mid-IR range. However, when
we do this experiment in the THz, the demodulated signal is much lower and we
are not able to form an image. Hence we conclude that the phase modulation is a
significant part of the signal in our image. Furthermore, since we experimentally
demonstrated that the term

[
|Es|2

]
n is a negligible part of the demodulated signal,

we approximate the intensity as:

In ≈ [|Es||ER| cos(ϕs − ϕR)]n . (3.3)

To isolate the phase from the amplitude information, we use the pseudo-
heterodyne detection (PHD) scheme, where we modulate the reference phase ϕR.
In PHD scheme[22], the length of the reference arm of the interferometer is mod-
ulated by vibrating its mirror with a piezoelectric element at a frequency f . The
phase modulation of the reference beam generates sidebands spaced by f in the nΩ-
demodulated output signal of the detector. With the proper modulation depth, from
these sidebands, amplitude free of multiplicative background and phase can be re-
covered. We used this method with f = 305 Hz and a modulation depth of a few
tens of µm. Unfortunately, we were not able to produce a usable phase image with
this method. We attribute this problem to the modulation amplitude of the mirror,
which should ideally be of the same order of magnitude as the wavelength. The
modulation offered by the neaSNOM microscope is perfectly suited for the mid-IR
rather than the THz. Hence all the images presented in this chapter are measured in
HD unless specified otherwise.

3.2.3 Test sample

Since s-SNOM imaging is an indirect method, it is not trivial to correctly interpret
the measured images. We will develop in more detail the question of the image
interpretation in section 3.4. To simplify as much as possible the interpretation, we
select our SRR dimensions such that all the features are

• larger than the probe apex, to make sure we are not limited by the microscope
resolution.

• larger than the SRR thickness, to keep the structure mostly planar even at the
scale of the single SRR.

• much larger than the potential defects from the fabrication process, such that
the fabricated SRR shape conforms to the design and we can reasonably trust
the simulations.
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To satisfy those conditions, we choose the simplified design illustrated in figure 3.2a,
with rectangular branches, a gap size G = 2 µm and a gold thickness e = 200 nm.

Since the working frequency is imposed by the laser frequency, we need to find
the right SRR dimensions for a resonance at 2.5 THz. We start with Finite Differ-
ence Time Domain (FDTD) simulation to get a rough estimation of the desired size.
Then, we fabricate several arrays of resonators (period 50 µm) with sizes around
the FDTD estimation. Using THz Time Domain Spectroscopy (THz-TDS), we iden-
tify the SRRs whose resonance most closely matches the laser frequency. Figure 3.2b
shows the measured transmission spectrum for SRR arrays on quartz substrate, with
sizes ranging from 17 µm to 19 µm. The transmission spectrum shows that the best
suited dimension is a = 19 µm.
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Figure 3.2: (a): SRR design chosen for the s-SNOM experiment, and
definition of the N arm and S arm. (b): THz-TDS transmission mea-
surements of arrays of resonators with different sizes on quartz. The
spectra are normalized with the transmission through a bare quartz
substrate. Those measurements are older than the one presented in

chapter 4.

We claimed in chapter 2 that a SRR fabricated on a substrate with a low refrac-
tive index provides a better field enhancement than one on a substrate with a high
refractive index, because a lower proportion of the energy ends up confined in the
substrate. To test this claim, we also fabricate SRR on high resistivity silicon, which
has a much higher refractive index in the THz (n = 3.43 as opposed to n = 2.1 for
quartz). We expect a lower contrast from s-SNOM images on the silicon substrate.
Using the same method as for the quartz substrate, we find that the best size for a
resonance at 2.5 THz on a silicon substrate is a = 13 µm.

3.2.4 Enhanced probe for THz microscopy

The s-SNOM tip used for all the experiments was a Lprobe model “CT”. This
probe was designed and fabricated by Vmicro[25] in collaboration with our research
group. This probe is especially designed for THz s-SNOM experiments. Indeed,
Maissen et al. demonstrated that the imaging resolution can be greatly increased by
using long and ultrasharp s-SNOM tips, and achieved resolution down to 15 nm[20].
Additionally, a metal coated s-SNOM tip can be modeled as a dipole antenna excited
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Figure 3.3: A: Schematic view of the Lprobe cantilever and its holder.
B: The angle between the tip and the cantilever let an optical path
to see the tip end from the top. C: Process flow for Lprobe micro-
fabrication. See main text for detailed steps. D: On-scale comparison
of tip aspect ratio between the Arrow NCPt probe (pyramidal shape,
commonly used in AFM and s-SNOM[23]) and the Lprobe tip. E:

SEM image of the Lprobe cantilever and tip[24].

by the near-field concentration on the sample[23]; hence, a longer tip (close to the ex-
citation wavelength) will have a better scattering efficiency despite the small apex.
The Lprobe aims at coping with these issues.

The fabrication process of such probes differs from all other commercially avail-
able cantilevers. The Lprobes are fabricated on a SOI (Silicon On Insulator) wafer.
The cantilever and the tip are fabricated in the wafer plane, in the Device Layer
(Dl) which is the top silicon layer of the SOI wafer. The fabrication process gives
access to a wide range of cantilever parameters regarding the resonant frequencies
and stiffnesses as well as tip geometry. In this work, the angle between the tip and
the cantilever is 100◦ and the tip length is 70 µm (figure 3.3A-B). In figure 3.3C, we
present the simplified process flow implemented by Vmicro :

1. Initial cantilever patterning with photolithography and plasma etching.

2. Oxide hard mask deposition.

3. Anisotropic chemical etching of the silicon using a KOH solution. The chemi-
cal etching stops on the < 111 > plane.

4. Oxide hard mask removal using an HF acid solution.

5. Back side plasma etching defines the AFM chip.

6. Final HF etching of the buried silicon.

7. Platinum coating

On figure 3.3E, we present the fabricated cantilever with up to 70 µm long tips.
Getting back to the probe properties described by Maissen et al. for nanoscopic res-
olution[20], the schematic on figure 3.3D is an on-scale comparison with an Arrow
NCPt tip showing an aspect ratio improved by a factor 2.

3.3 Result

The long metallic AFM behaves as a dipole antenna polarized by the electric field
at its apex. The polarizability of the probe is much higher along its length, thus we
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Figure 3.4: (a): Simulated vertical component of the electric field on
a plane above an excited SRR (a = 19 µm). (b): Simulated, exper-
imental and topographic cross section for a tuned SRR on Si. The
sharp spikes in the experimental S2 signal are artifacts from the topo-
graphic edge (see figure 3.6).(c,d,e,f): Experimental s-SNOM images
of 4 SRRs excited at 2.5 THz. (c): Tuned SRR on quartz (a = 19 µm).
(d): detuned SRR on quartz (a = 17 µm). (e): tuned SRR on silicon
(a = 13 µm). (f) detuned SRR on silicon (a = 17 µm). Scale bars are

5 µm.

expect the scattered field to scale with the z component of the electric field at the
sample surface. Figure 3.4a shows the simulated vertical component of the electric
field on a plane right above a SRR, simulated with FDTD. We can see that there is
not much signal expected directly inside the gap, since the electric field is mostly
orthogonal to the probe in this area. The maximum of signal is expected on the
metal, at the edge of the gap.
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Figure 3.5: (a) s-SNOM images of a SRR demodulated at harmonic
1 to 4. (b): Signal cross section along the axis indicated by white

triangles in (a), with a 60 µV offset. Scale bars are 5 µm

Figure 3.4c and 3.4e respectively show the measured images of a resonating SRR
on quartz and on silicon. For comparison, figure 3.4d and 3.4f show the measured
image on detuned SRRs on both substrates.

s-SNOM images of the SRRs showed a bright and dark pattern on the arms of
the structure: A bright region is imaged on the N arm of the resonator (as labeled
on Figure 3.2a) with a local maxima located on the arm 500 nm away from the gap
edge. As soon as the tip scans the S arm, the signal vanishes and gold appears
darker than the substrate. This feature is observed on images from the 1st to the 4th

harmonics of Ω (Figure 3.5). Note that typical dark fringe artifacts are also visible
on the images when the probe encounters the edges of the SRR [26], but are distinct
from the described features. Figure 3.6 highlights the edge artifacts on a signal cross
section along the N-S axis.

The AFM topography did not show any contrast between the dark and bright
areas of the device (Figure 3.6). This pattern was found to be identical on every
tuned SRR we scanned, independently of its location in the array (Figure 3.7a).

When comparing the experimental images (Figure 3.4b,d) with the computed
near-field distribution of the tuned SRR (Figure 3.4a), the upper half of the image is
in good agreement with the FDTD simulation regarding the following features:

• There is a maximum at the edge of the N branch for both tuned SRRs.

• The contrast is higher for the SRR on the quartz substrate (+244% on quartz,
against +111% on Si).

• The images of the detuned SRRs feature only material contrast and edge arti-
fact, with no bright spot close to the gap.

In contrast, the lower part of the image strongly deviates from the predicted pro-
file, with very low signal intensity close to the gap where the maximum is expected.
The intensity at the edge of the S branch is even lower than on the substrate, both for
quartz and silicon, which also differs with the images of the detuned SRRs, where
the signal on gold is always slightly higher than the signal on the substrate.
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Figure 3.6: 2nd harmonic signal, probe oscillation amplitude, and to-
pography measurement on a cross section of a SRR on silicon. The
S2 signal on the N branch (zone ii) matches the expected near-field,
with a maximum close to the gap. In contrast, almost no signal is de-
tected on the S branch (zone iv). The topography does not show any
significant differences between the branches. The steep edges in the
topography create artifacts[26] as they disturb the oscillation of the
probe. The signal in the area highlighted in pink should not be taken

into account in the image interpretation.

Similar designs of SRRs have been already studied by other THz microscopy
techniques at larger scale[27–33] and do not exhibit N-S asymmetry. At smaller scale,
in the work of Acuna et al.[34], authors used a technique similar to s-SNOM on SRRs
but did not report this effect. However, in this study, a broadband THz source was
used and authors attributed the image contrast to both the fundamental mode and
surface plasmon polaritons.

To the best of our knowledge, the asymmetric feature was never reported in any
THz s-SNOM previous to our work[1, 24, 35]. It was then reproduced in the recent
work of Sulollari et al.[36, 37] and remains to be fully elucidated. It is worth men-
tioning that the observed asymmetries are similar to the patterns recently observed
by Büchner et al. on IR plasmonic antennas [38]. In this work, authors attribute the
asymmetry to the modification of the resonance of the antenna when strong coupling
occurs between the probe and the antenna.

To help identify the origin of the asymmetry, we isolated a few hypothesis by
performing a set of control experiments:

Multi-resonator effect: Since the measurements were performed in a resonator ar-
ray, we suspected that the asymmetry may arise from interference with the
field scattered by the surrounding SRRs. We restarted the experiment on an
isolated SRR and obtained the same result with the same contrast and ampli-
tude (figure 3.7b). This led us to conclude that the surrounding SRRs in an
periodic array with a period of 50 µm do not disturb the s-SNOM experiment
in any way.
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Figure 3.7: (a): s-SNOM scan on 4 SRRs in a matrix. (b): s-SNOM
images of an isolated SRR. All SRRs give identical result. a = 13 µm

in both cases.

Phase contrast effect: If the asymmetry originated from an incidental phase con-
trast between the branches, we should expect to observe a reversed asymmetry
for different positions of the reference mirror. We performed the experiment
multiple times with different reference positions, and were never able to pro-
duce an image with a bright S arm and dark N arm. In addition, the measure-
ment performed in pseudo-heterodyne detection instead of homodyne detec-
tion shows the same feature with a similar contrast (figure 3.8a). This observa-
tion excludes contrast with homodyne detection resulting from a phase shift
between the N and S arms.

Effect linked to the probe: Since we performed the experiment with a custom
made probe, we need to check that the probe is not responsible for the un-
expected features of our measurements. We performed the experiment with a
standard, shorter AFM probe (Arrow NCPt fromNanoWorld, 10 – 15 µm pyra-
midal tip). Although this measurement does not accurately capture the field
enhancement at the edge of the N branch, it does feature the same asymmetry
as the measurement with the long Lprobe (figure 3.8b).

Effect specific to the SRR design: To get more insight regarding the nature of the
phenomenon, we imaged another metallic structure able to couple with a THz
field: the Log Spiral Antenna (LSA). The image of the LSA also features an
asymmetry at the center, where the brightest field is expected (figure 3.9). In
the case of the LSA, the asymmetry is inverted, as it is the N branch that is
darker than the substrate close to the center. In the SRR images, the entire
south half of the picture is darker than the north half. In contrast, with the LSA,
the dark area follows the north branch along the spiral. This result confirms
that N-S asymmetry is not limited to THz SRRs, and its reversal on the LSA
excludes that it is simply caused by a shadowing effect of the cantilever.
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Figure 3.8: (a): SRR on Si measured with PHD (a = 13 µm). (b): SRR
on quartz measured with a shorter AFM probe (a = 19 µm).

This series of experiments further confirms that N-S contrast is a general feature
when confined near-fields of THz micro-resonators are scattered during s-SNOM
imaging. In the following, we discuss the origin of this effect that we need to identify
for future studies.

3.4 Discussion

We demonstrated the capability of the s-SNOM to recover information on the near-
field distribution of the mode of a THz resonator. This is highlighted by the clear
difference between the images of tuned and detuned SRRs, as it proves that the
contrast in the picture does not originate only from the material contrast.

However, the image cannot be a direct representation of the field distribution,
for such a distribution would break the Curie’s symmetry principle[39]. An addi-
tional N-S contrast is also present on the images. At this point of our investigations,
we cannot attribute the N-S contrast to any controllable parameter of the experi-
ment. Indeed, we determined that N-S asymmetry is not specific to SRRs, does not
originate from background, multi-resonators effect or phase-induced contrast. The
asymmetry is also clearly observed on SRRs when we replaced the quartz substrate
with high-resistivity silicon and changed the shape of the probe. Therefore, to eluci-
date the discrepancy between experimental data and calculations, we focused on the
explanation of this contrast considering the origin of the measured s-SNOM signal.

The idea of imaging a photonic mode is based on the fact that the AFM probe
acts as an antenna and scatters the field at its apex. Therefore we assumed that the
measured scattered field directly scales with the local electric field. However, this
relies on the implicit assumption that the emission pattern of the probe is unaffected
by the SRR. Indeed the symmetry of the system is intrinsically broken by the fact
that we excite the system at an angle, and we do not measure the total scattered
field, but only the radiation emitted in a solid angle defined by the parabolic mirror.
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Figure 3.9: (a): Computed near-field (|Ez|2) on a LSA, scale bar length
is 30 µm.(b): s-SNOM images of an LSA: Left panel: large scale scan,
scale bar length is 30 µm. Right panel: detail of the center, scale bar-
length is 5 µm.(c): Top panel: Section along an arm of LSA in (a) (both
arms give the same curve). Bottom panel: Mean sections along the
arms of the LSA on (b). Blue line: arm A, red line: arm B. Origin is
the center of the spiral.(d):Respective topographies measured simul-

taneously with (b).

In figure 3.1 and equation (3.3), Es accounts for the illumination, concentration, scat-
tering, collection and detection of THz radiation in the probe / resonator system.
Due to optical reciprocity, any requirement to illuminate the system also applies to
collect the outgoing radiation. From this point of view, the bright (respectively dark)
regions on our images would correspond to efficient (respectively poor) illumina-
tion and collection of light into the probe / SRR ensemble when the tip is on the
N (resp. S) arm of the capacitor. Thus the measurements suggest that when the
probe is above the N arm, the scattered field is mostly radiated toward the south,
and inversely (figure 3.10d).

Two antennas with symmetrical radiation pattern forming an asymmetric pat-
tern when combined is quite common in antenna theory, it is for example the mech-
anism used for phased array antennas[40]. However, in contrast with a phased ar-
ray, the s-SNOM probe is located in the reactive near-field region[41] of the SRR, and
even possibly in direct contact at the lowest point of the probe oscillation. Thus we
cannot assume that the total radiation pattern is the interference from the sum of
the radiation patterns of the probe and the SRR considered separately. We extended
our calculations to reach a more realistic description of the system, now treated as a
complex antenna problem.

3.4.1 FDTD simulation including the probe

We performed broadband FDTD simulations with a conductive tip placed on several
spots along the arms of a SRR. Those simulations were conducted without substrate,
to simplify as much as possible the problem, and to avoid artifact from truncated
data in the far-field projections. Just like the SRR far-fields presented in chapter 2
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Figure 3.10: (a,b,c): Far-field projection in the YZ plane of a SRR (a):
without probe, (b): with a probe on the N arm, (c): with a probe
on the S arm. All far-fields are in linear scale. (d): Schematic of the
interpretation of the asymmetry. The coupling with the incident beam
is better when the probe is on the N arm than when it is on the S

arm[1].

(Figure 2.4 on page 35)), the SRR is excited with a Total-Field Scattered-Field (TFSF)
source surrounding the SRR and the probe, and the far-field is projected from the
field recorded on a closed surface surrounding the source volume. The probe was
modeled as a truncated square-base pyramid (69.7 µm long and respectively 10.5
and 0.2 µm for the base and the apex side lengths).

We observed a critical influence of the position of the probe on the illumination
/ collection pattern of the system (Figure 3.10). If placed on the N (resp. S) arm of
the capacitor, a lobe oriented S (resp. N) is generated in the far-field.

Although looking at the field scattered at a specific angle brings us closer to
the real s-SNOM experiment, the simulated signal is not directly comparable to the
experimental s-SNOM signal. To construct a comparable signal, we have to take
into account the additional modulation from the interferometer, and the second har-
monic demodulation used to remove the background signal. The additional mod-
ulation from the interferometer is calculated with equation (3.3) with a reference
phase ϕref chosen to maximize the contrast.

To simulate the second harmonic demodulation of the signal, let us assume that
the probe is vertically oscillating in a sinusoidal motion. The vertical position of the
probe as a function of time is

z(t) = A cos(Ωt), (3.4)

where A is the oscillation amplitude, and Ω is the oscillation frequency. For a given
horizontal probe position, the detected signal is a function of the probe position z.
Using a second order Taylor expansion around z = 0, we approximate the signal as
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a second order polynomial function of z. Hence we define a, b and c such that

I(z) ≃ az2 + bz + c. (3.5)

Combining (3.4) and (3.5), we get

I(t) = a
A2

2
cos(2Ωt) + bA cos(Ωt) + ca

A2

2
. (3.6)

Therefore after demodulation at the frequency 2Ω, the measured signal is

S2 =

∣∣∣∣a A2

2

∣∣∣∣ . (3.7)

Assuming the oscillation amplitude A stays constant during the measurement (see
figure 3.6 on page 59), we extract the signal by estimating the coefficient a. The esti-
mation of a is done with a polynomial regression based on multiple simulations with
different vertical probe positions. Since the actual measurement of S2 in a s-SNOM
experiment is always in arbitrary unit, we can ignore the multiplicative constant A2

2 .
To sum up the complete process to simulate the second harmonic signal mea-

sured on one horizontal position:

1. We repeat the simulation for 4 vertical probe positions.

2. We extract the amplitude and phase of the radiation emitted toward the mirror.

3. We apply the modulation from the interferometer (equation (3.3)).

4. We apply a second order polynomial regression on I(z)

5. The signal S2 is the second order coefficient of the regression.

To produce a scan line to compare with the experimental data, we repeated this
process for 20 positions along the y axis. The resulting scan line is plotted on fig-
ure 3.11, compared to the experimental data extracted from figure 3.4c.

The simulated cross section is in good agreement with the experiment, as it repro-
duces the main observation of the experimental cross sections: A maximum when
the probe is at the edge of the N branch, and close to no signal when the branch is
on the S branch.

To summarize, we conducted an extremely simplified numerical experiment
with only a SRR and a pyramidal probe, excluding the substrate, the probe can-
tilever, and all other components of the s-SNOM that could induce shadowing effect
or parasitic signal. Even in this minimalist (yet computationally demanding) sce-
nario, selecting a direction of observation is enough to reproduce the strong asym-
metry of the measurement.

This further confirms that the strong discrepancy between the measured im-
age and the near-field profile is intrinsic to the s-SNOM technique, and cannot be
avoided without major modification on the detection and excitation methods.

3.4.2 Interpretation

We consider the interplay between the confined near-field, its combination with the
far-field illumination / collection pattern, and the aperture-limited focusing optics
as a strong additional contribution to the recorded images (Numerical aperture is
0.39 in our case, according to the manufacturer information). It is known that the
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Figure 3.11: Simulated S2 signal, extracted from the far-field scatter-
ing pattern of a SRR coupled with a 70 µm long metallic probe, com-
pared with the experimental S2 profile measured on a SRR on a quartz

substrate.

probe shape and oscillations contribute to the contrast of THz s-SNOM images [20].
Our results indicate that the collection mirror also participates in the contrast if the
tip-sample ensemble has an anisotropic far-field pattern. Therefore, within most
s-SNOM apparatuses with a mirror in front of the probe, the lobe pointing North
would not be accessible. We demonstrated that the presence of the tip perturbs the
photonic mode in a way that the symmetry of the device is broken.

In this framework, for a photonic resonator located at a position (x, y, z) with
respect to the tip and the mirror, the scattered near-field contains information on
both the spatial distribution of the photonic mode, labeled here as NF(x, y, z) and
the far-field pattern that is modified by the tip, labeled here as FF(x, y, z, θ, φ), where
θ and φ describe a direction of observation. The accessible directions of observation
are limited by the portion of solid angle where the FF pattern is collected. In our case,
the latter is defined by the numerical aperture of the mirror. For a monochromatic
incident wave with a given linear polarization, one can then write the problem as:

Es(x, y, z) ∝
¨

mirror
NF2(x, y, z)FF2(x, y, z, θ, φ)dθdφ. (3.8)

Note that the near-field and far-field terms in equation (3.8) are squared since they
intervene both in illumination and collection. It is also worth mentioning that a more
sophisticated description should integrate the scattering efficiency of the probe and
the dielectric properties of the material beneath that still account for s-SNOM signal.

The far-field contribution was identified through the modeling of a scan over
a SRR. Hence, the underlying phenomena is likely to occur with any antenna-like
structure, including the LSA in this study (Figure 3.9). In this case, the situation is
reversed compared to the SRRs, i.e. when the probe is over the N tip , the far-field
pattern is not oriented towards the collecting mirror and gold appears darker than
HR-Si while over the S tip , the mirror captures the far-field pattern and near-field
concentration is detected.

So far, we cannot overcome this issue with current microscope designs that
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Figure 3.12: s-SNOM images of SRR differently oriented. The images
are rotated to simulate illumination from 8 angles. The four images

on the right are rotated versions of the images on the left.
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Figure 3.13: (a) Reconstructed image from the 8 orientations (b):
Cross section along the branch axis.

would require to replace the parabolic mirror by a Cassegrain reflector or to rotate
the mirror during the scan. However, if the mirror cannot rotate, it is possible in
some particular cases to rotate the sample.

We scanned an isolated tuned SRR oriented with an angle ψ of -45, 0 , 45 and 90◦

with respect to the N-S axis. Thanks to the SRR symmetry, the 4 opposed angles are
obtained with a simple image rotation. Afterward, we rotated the images to orient all
the SRR in the same direction. The resulting images correspond to the measurement
we would get for 8 positions of the parabolic mirror (figure 3.12). We reconstruct a
full image by summing all 8 images.

The reconstructed image for a SRR on silicon is shown in figure 3.13. It shows
the local maxima close to the gap at the edges of both branches, in good agreement
with the simulated near-field profile.

This reconstruction method is equivalent to a measurement with excitation and
detection from 8 directions symmetrically distributed around the sample. Although
this is better than a single angle of observation, it still does not cover the entire
sphere, and there is no guarantee that information is not lost at an uncovered angle.
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3.4.3 s-SNOM with attenuated total internal reflection

Simultaneous detection of the scattered field in every direction, and omnidirectional
excitation is materially impossible. Yet it is still possible to make the excitation and
detection independent from the far-field emission pattern of the system, making the
imaging system isotropic. This can be achieved with a technique called Attenuated
Total Internal Reflection (ATIR).

From THz Gas Laser To detector

Figure 3.14: Schematic of a s-SNOM using attenuated total internal
reflection. The THz beam passes through a silicon prism, where it
undergoes total internal reflection. The sample is excited through the
evanescent field at the surface of the prism. The energy scattered by
the probe is subtracted from the reflected beam, which translates by

an attenuation at the output of the prism.

In ATIR (figure 3.14), a light beam undergoes total internal reflection inside a
material with high refractive index, which creates an evanescent field at the sur-
face of the material. The sample is excited through this evanescent field. Since an
evanescent wave is non propagative and has a purely imaginary wave vector, this
excitation method does not depend on the radiation pattern of the sample and probe.
The energy scattered by the probe is subtracted from the reflected beam. Therefore
we can detect the total scattered intensity from the attenuation of the beam at the
output of the material, regardless of the radiation pattern. With this method, the
measured value is the additional loss introduced by the presence of the probe in the
reactive near-field of our sample. Images acquired with this method are much more
meaningful than images from a regular s-SNOM system.

We tried this strategy using a high resistivity silicon prism, cut and polished from
a 5 mm thick wafer. The prism is mounted in the neaSNOM platform along with
two parabolic mirrors for the injection and collection of the THz beam, as shown
in figure 3.15a. The position of the total internal reflection is located by putting
droplets of isopropanol on the prism surface and looking for an attenuation in the
output beam. The experiment is only possible with silicon substrates, because of the
large difference between the quartz and silicon refractive index, the beam is totally
reflected at the interface and never reaches the SRR.

Figure 3.15b shows an image recorded with excitation from the prism, and reg-
ular detection of the scattered field as illustrated in figure 3.1a on page 52. As ex-
pected, the image stays asymmetric since we used the same detection scheme. The
image shows a poor signal to noise ratio, but proves that we were able to excite the
SRR through TIR.

As of today, we were not able to significantly improve the quality of the images
recorded from the scattered signal and TIR excitation, and could not produce any
conclusive image from the signal measured at the output of the prism. This is likely
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Figure 3.15: (a): High resistivity silicon prism mounted in the NeaS-
NOM microscope. The THz beam is focused in the prism with the
parabolic mirror on the left, and collected with the parabolic mirror
on the right. (b): First s-SNOM image of a SRR excited through To-
tal Internal Reflection (TIR). Only the excitation is done through the
prism, the image is still constructed from the scattered field above,

hence the remaining asymmetry (a = 13 µm).

due to an imperfect contact between the prism and the sample. Indeed, any sur-
face defect or dust on one of the two surfaces can introduce a small air gap, which
drastically reduces the amount of light that reaches the top surface of the substrate.
Further investigation and setup improvement are still required to progress on this
path.

3.5 Conclusion

We investigated the near-field characterization of SRRs using s-SNOM imaging. We
were able to experimentally demonstrate the electric field confinement in the gap
of the resonator. Indeed, although the measurement only gives information on the
vertical component of the electric field, this is enough information to detect a lo-
calized charge accumulation. The charge distribution, along with a priori informa-
tion on the material and the shape of the resonator allows for the reconstruction of
the full field distribution. The s-SNOM experiment was our first measurement on
single resonators when our THz-TDS could only measure large arrays of SRRs. It
confirmed that with our fabrication process, there is no significant difference in the
behavior of each individual SRR. We also confirmed the validity of FDTD simula-
tions on the near-field distribution of the SRR mode, which is highly encouraging
for spectroscopy and optical trapping applications.

Nonetheless, our experiments showed that the link between a s-SNOM image
and the vertical electric field distribution is far from straightforward. In particular,
we demonstrated that a standard s-SNOM apparatus is intrinsically asymmetric and
cannot provide viable measurement of the near-field profile of any sample that could
disturb the far-field radiation pattern of the s-SNOM probe.

We proposed a way to adapt the s-SNOM method in order to make it isotropic,
using ATIR. The isotropy of the measurement is a necessary condition to make s-
SNOM imaging of resonator a measurement tool, rather than a validation tool. This
method still needs further improvement, which will be the object of future work.
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Chapter 4

Time domain spectroscopy on
single SRRs

In the previous chapters, we modeled, designed and fabricated SRRs to take ad-
vantage of the field enhancement they provide in their gap. We will use the field
enhancement to perform spectroscopy on nanometric samples. We used s-SNOM to
experimentally validate the electric field distribution.

Using SRRs for the characterization of a low volume sample makes sense when
performing spectroscopy on a single SRR. Since it is often impossible to get an iden-
tical coupling with the sample for each SRRs in a large array[1].

In this chapter, we will study how to take advantage of the high dynamic range
of THz-TDS to detect the small signal from a single SRR. This requires noise analysis
and error corrections that are valid and useful outside of the application presented
here. Finally, we will experimentally study the behavior of a single SRR coupled to
glutamic acid crystals.

4.1 Time domain spectroscopy

THz-TDS is a spectroscopy method based on the measurement of the temporal re-
sponse of a system to a short THz impulsion. The amplitude and phase of the spec-
trum are constructed with a Fourier transform. It provides a high dynamic range
(up to 100 dB), and covers more than a decade of frequency (from 0.2 THz to 6 THz,
varies from one system to another).

THz-TDS (figure 4.1) uses ultrafast pulses from a femtosecond laser to gener-
ate and detect a THz pulse with a precisely controlled timing. On the emission
side, the femtosecond pulse is converted into a THz pulse with devices such as
photo-conductive antennas[2, 3], non-linear electro-optics crystals[4] or plasma os-
cillation[5]. On the detection side, the most commonly used techniques are photo-
conductive or electro-optic sampling. Both techniques allow measuring the instan-
taneous value of the electric field during femtosecond pulse illumination.

In the case of a photo-conductive antenna, which is the method we are using,
the intense femtosecond laser pulse generates pairs of electron-holes in a semicon-
ductor, which makes the antenna conductive for about 1 ps (carrier lifetime in the
semiconductor). On the emitter side, the antenna is biased with a DC voltage, thus
the laser pulse triggers a short pulse of current in the antenna, which generates the
broadband THz wave[6]. On the detector side, no bias is applied, but the charge
carriers are accelerated by the incoming THz wave and we measure the resulting
current.

Most THz-TDS systems use a beam-splitter to divide a single pulse in two parts,
one going straight to the emitter, while the other goes to the detector through a delay
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Figure 4.1: General schematic of a THz Time Domain Spectroscopy
system. The red line represents the infrared path while the blue beam

represents the THz pulse path.

line. The delay-line precisely controls the time delay between the emission and the
detection. The transmitted pulse is reconstructed in the time domain by scanning
the delay line. Other THz-TDS systems use two separate femtosecond lasers with
slightly different repetition rates to scan the delay between the emission and detec-
tion without a physical delay line. This technique is much faster, but suffers from
lower precision in the estimation of the delay.

In all our experiments, we use the TeraSmart THz-TDS setup by Menlo Systems
GmbH. The excitation laser is a fibered Erbium doped laser with a 100 MHz repeti-
tion rate. The emitter and receiver are both indium gallium arsenide (InGaAs) based
photo-conductive antennas coupled to hemispherical silicon lenses.

To direct and focus the THz beam on the sample, most THz-TDS systems use
either off-axis parabolic mirror, or TPX lenses. Parabolic mirrors offer low losses
and aberration-free focusing when perfectly aligned. However, even small devia-
tions from perfect alignment leads to strong aberrations, which make the alignment
process tedious, especially in the THz where there is no easy way to visualize low
intensity beam. In contrast, TPX lenses have higher losses, but offer much more flex-
ibility. Indeed, lenses are less affected by slight imperfection in the alignment, and
since they do not have to be off-axis, all the components in a system with lenses can
be attached to a single rail, which makes the alignment easier to begin with.

To get as much signal as possible while keeping the flexibility where we need
it, we use a hybrid optical path featuring both parabolic mirrors and TPX lenses as
illustrated in figure 4.2. In all our experiments, the THz beam needs to be collimated
from the emitter and focused on the receiver in the same way. We use parabolic
mirrors for this task that we rigidly attached to the antenna once aligned. In contrast,
the way we focus (or not) the beam on the sample depends on the nature of the
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Emitter

Sample

Receiver

Figure 4.2: THz beam path in our THz-TDS system. Once aligned, the
antenna and the parabolic mirror on each side are rigidly attached
together to be used as single components. All the components are

aligned on a rail.

sample and of the experiment. By using TPX lenses attached on a rail along with the
two parabolic mirrors, we can easily change the focal length of the lenses or even
remove them to adapt the system to the specificity of each experiment.

The whole THz optical path is enclosed in a box purged with dry nitrogen to
avoid the strong absorption lines of water vapor.

To improve the signal-to-noise ratio, we average a large amount of successive
traces. Figure 4.3 shows an example of pulses and its Fourier transform, averaged
over 10 000 time traces.
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Figure 4.3: Example of signal measured in our system without sam-
ple, averaged over 10 000 traces.

4.2 Fitting procedure

To extract data from a sample with THz-TDS in transmission, we measure two
pulses, one without sample for reference, and one with sample. By taking the ratio
of the Fourier transform of the two traces, we get the transfer function of the sample,
or transmission coefficient. This transfer function can be compared to the ones pre-
dicted by a theoretical model to extract diverse parameters such as refractive indices
or absorption coefficient.
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A common way to extract the parameters is to fit the theoretical transfer function
to the measured one. This is done by finding the set of parameters p that minimize
the error function usually defined as:

Err(p)(ω) = (|T̃exp| − |T̃model(p)|2) + ψ(arg(|T̃exp)− arg(|T̃model(p)))2, (4.1)

where T̃exp and T̃model are respectively the experimental and theoretical transfer
function, and ψ is a weighting coefficient, usually set to 1 amplitude unit/rad. Com-
bining the error on the module and on the phase as in equation (4.1) poses several
issues.

In the particular case of refractive index extraction, if no importance is accorded
to the physical phenomenon causing at the origin of the index, equation (4.1) can
be used independently for each frequency. This is the simplest way to get an esti-
mation of the refractive index as a function of the frequency. However, this method
is only usable when the thickness of the sample is accurately known, and there is
no guarantee that the resulting dispersion curve respects the Kramers-Kroenig rela-
tions, and therefore causality[7, 8]. Hence why we will avoid using this method, and
rather only use integrated error and causal theoretical models.

However, even if additional precautions are taken to respect causality, this error
function still carries major disadvantages. First, the efficiency and precision of the
fit relies on the arbitrary value ψ. Furthermore, the precision on the estimation of
the phase decreases drastically for a signal with low amplitude, yet the phase error
keeps a constant weight in (4.1) regardless of the signal amplitude. This last point
makes the technique unreliable for strongly absorbing samples, and forces one to
arbitrarily limit the bandwidth of analysis to avoid the range of low dynamic range
at high frequency.

To avoid all the aforementioned drawbacks coming from the error definition
(4.1), we decided to use an alternative error function that does not rely on separate
estimation of the phase and amplitude error. To keep the analysis as close as possible
to the experimental data, we define this error function in the time domain[9].

We use the theoretical model to calculate the expected pulse Emodel(p)(t) from
the reference pulse Eref(t). The theoretical pulse is given by:

Emodel(p)(t) = Eref(t) ∗ Tmodel(p)(t) (4.2)

= FT−1[FT
[
Eref(t)](ω)× T̃model(p)(ω)

]
(t), (4.3)

where “∗” designate the convolution product, FT[X] is the Fourier transform of the
function X, and Tmodel(p) = FT−1[T̃model(p)(ω)] is the impulse response of the the-
oretical model.

We define the error function as:

Err(p) =
t=tmax

∑
t=0

(Emodel(p)(t)− Esample(t))2∆t. (4.4)

With this method, we compare the expected pulse with the experimental one, in-
stead of comparing the theoretical and measured transfer function. Hence the error
function is automatically weighted with the intensity of the measured signal, and
there is no need to artificially remove the points at the limit of the dynamic range.
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Note that according to Parseval’s theorem, the norm a function is equal to the
norm of its Fourier transform, therefore, the error function can also be written as:

Err(p) =
ω=ωmax

∑
ω=ωmin

∣∣Ẽmodel(p)(ω)− Ẽsample(ω)
∣∣2 ∆ω. (4.5)

This means that the same error function can also be calculated from the frequency
domain, which is useful to save a few Fourier transform computations in the opti-
mization process.

This fitting method makes the link with the analytical model developed in chap-
ter 1, which we can now use and evaluate with the experimental THz-TDS measure-
ment on our SRRs.

4.3 Single resonator spectroscopy

THz spectroscopy on single SRR was only recently demonstrated by Rajabali et al.,
who used a pair of high numerical aperture silicon lenses in direct contact with the
sample to focus and collect a THz pulse through a single complementary SRR[10].
In contrast with a regular SRR, a complementary SRR is a sub-wavelength aperture
in a continuous metal plane. Such a structure reflects close to 100% of the light that
does not interact with the mode of the resonator. Hence the measured pulse is free
from any background signal that would not have interacted with the SRR.

In an experiment on regular SRRs, we remove the background signal by com-
paring it to a reference signal measured on the same substrate, but far from any
resonators. Therefore, when looking for the very weak response of a single SRR,
any accidental discrepancy between the reference signal and the sample signal is
likely to significantly alter the result. Such alterations can originate from multiple
sources, such as non-uniform substrate thickness, surface defect or fluctuation in the
THz-TDS system itself.

In our setup, we will not use lenses in direct contact with our sample, as we want
to keep an easy access to the SRR. The THz pulse is only focused and collected with
5 cm focal length lenses (NA=0.356). Consequently, we expect a significantly lower
signal level than in the experiment from Rajabali et al. This is why we need to check
that the dynamic range of our system is high enough to detect such a small signal.

4.3.1 Single SRR signal compared to the dynamic range

To isolate the dynamic range from all the experimental parameters linked to the
reference signal, we first fabricated complementary SRRs on a quartz substrate (fig-
ure 4.4). According to Babinet’s principle, the field diffracted from a planar structure
is identical to the field diffracted from its complementary. Hence measuring the sig-
nal through a complementary SRR is a good way to test if dynamic range is high
enough to detect a single SRR.

Each SRR is placed several millimeters away from the others, such that our THz
beam only interacts with a single one. Figure 4.5 shows the transmitted pulse and
its spectrum, averaged over 10 000 traces. One can easily identify the resonance
at 2.2 THz from the resonator. The maximum of transmission is about 0.02% (or
−37 dB) compared to the transmission of a quartz substrate, which is strong enough
for the dynamic range of our THz-TDS system (∼ 70 dB at 2.2 THz).
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Figure 4.4: SEM picture of a complementary SRR. The darker area is
an aperture through a gold plane.
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Figure 4.5: (a): Time domain signal detected from a single comple-
mentary SRR. (b): Transmission spectrum normalized with the trans-

mission through quartz.

We experimentally demonstrated that we have the dynamic range necessary to
detect the signal from a single complementary SRR. By comparing the complemen-
tary SRR to the dynamic range, we effectively compare our signal to the noise mea-
sured on a sample with 0% transmission, i.e. the dark noise. However, dark noise is
not the only type of noise in a THz-TDS system[11]. For example, a multiplicative
noise term coming from laser power fluctuation[12] could strongly affect the mea-
surements on regular SRRs, even though we did not see it in the measurement of
the complementary shape. A more complete noise analysis is necessary to correctly
interpret a small signal variation extracted from a large background[13].

4.3.2 Noise analysis and error correction

The notion of “noise” in a measurement is difficult to define. In its broadest defi-
nition, it designates any deviation from the “true” signal[14]. Of course the notion
of “true” signal is just as hard to define and is by definition impossible to mea-
sure. Here, we define the amplitude of the noise in a THz-TDS measurement as
the statistical standard deviation of the signal. This definition correctly encapsulate
the amplitude of the noise is based on two hypothesis: The “true” signal does not
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change from one measurement to another. The noise has a zero mean value. We will
consider this first hypothesis true for the rest of the rest of the chapter. Nonetheless,
we will see later that some phenomenons also induce biases, which invalidate the
second hypothesis. Hence, although the standard deviation always carries useful
information on the nature of the noise, it does not represent the full picture.

Since our measurements consists of thousands of traces averaged together, the
estimation of a single trace standard deviation is given by

σsingle(t) =

√√√√ 1
N

N

∑
i=1

(Ei(t)− Ē(t))2, (4.6)

where N is the number of traces, Ei(t) is the i-th trace, and Ē(t) is the averaged time
trace. The standard deviation of the averaged signal is

σavg(t) =
σsingle(t)√

N
=

1
N

√√√√ N

∑
i=1

(Ei(t)− Ē(t))2. (4.7)

We use the same estimator to calculate the standard deviation in the frequency do-
main1.

Figure 4.6 shows a measured time signal, averaged over 10 000 traces, and its
spectrum, superimposed with the estimated standard deviations. As expected, the
standard deviation matches the noise floor at high frequency where the signal is
dominated by the dark noise. However, we also see that the standard deviation is
not constant across the time trace and across the spectrum. This mean we the noise is
a correlated non-white noise. To be more specific, taking a closer look at the standard
deviation of the time trace, the standard deviation appears to be proportional to the
derivative of the signal.

Looking back at the individual traces, we notice that there is a slight delay be-
tween the traces, typically around 10 fs, smaller than the 30 fs time step of our THz-
TDS system. The origin of this delay is mostly due to thermal fluctuation of the
optical fibers during the long acquisition (10 000 time traces takes about 25 minutes).

Having identified the origin of the strong correlation in the noise, we imple-
mented a correction algorithm to remove the delay in the individual traces before
averaging them together[13]. First, we select the time trace that is closest to the aver-
age, to use as a reference. Then, for each trace, we apply a delay δi in the frequency
domain using the following formula

Ẽi,δi(ω) = Ẽi(ω)ejωδi . (4.8)

We use an optimization algorithm to find the delay δi that minimizes the difference
between Ei,δi and the reference trace.

The averaged signal and standard variation after correction are plotted on fig-
ure 4.7. The correction removes most of the correlation between the standard devi-
ation and the signal intensity. The remaining noise is now much closer to a white
noise, with a signal-to-noise ratio improved by almost 20 dB between 0.5 THz and
2 THz. The amplitude of the improvement widely depends on the severity of the
delay drift during the acquisition. The example illustrated in figure 4.7 is repre-
sentative of a majority of our measurement, but we regularly observe much larger

1Due to the non-linearity of equation (4.7), the standard deviation of the spectrum is not the Fourier
transform of the standard deviation of the time traces.
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Figure 4.6: (a): Time domain signal and its standard deviation, mea-
sured on 10 000 time traces without sample. (b): Same signal in the
frequency domain, and its standard deviation. Note that the signal

below 180 GHz is filtered out as it is mostly unreliable[11].

delay drifts, leading to a signal-to-noise ratio improved by up to 30 dB after correc-
tion (figure 4.8). To take into account the slight fluctuations of the laser intensity
during the acquisition, we also implemented an amplitude correction based on the
same principle,which brings us even slightly closer to a white noise[13].

On top of adding to the standard deviation and reducing the signal to noise ratio,
averaging shifted signals effectively acts as a convolution filter, reducing the signal
at high frequency. Since this effect always reduces the signal, it is a bias and is conse-
quently invisible in the standard deviation. We can see this filtering effect by looking
at the ratio between the signal before and after correction (figure 4.9). As expected,
the non-corrected signal is attenuated at high frequency by several percent, which
is more than the amplitude of the signal from a single SRR (figure 4.5). Further-
more, the amplitude of the attenuation depends on the delay variation during the
experiment, which we observed to be different between the reference signal and the
sample signal. Assuming the delay increases linearly during the acquisition for an
overall drift ∆, for an average over a large number of traces, the attenuation factor
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Figure 4.7: Effect of the correction in the time domain (top) and fre-
quency domain (bottom). The correction removed most of the cor-
relation between the standard deviation and the signal amplitude.
Consequently, the signal to noise ratio between 0.5 THz and 2 THz

is improved by almost 20 dB.

in amplitude caused by the drift can be approximated in the frequency domain as

A∆(ω) =
1
∆

ˆ ∆
2

− ∆
2

ejωδdδ = sinc
(

ω∆
2

)
. (4.9)

More generally, the attenuation is the Fourrier transform of the delay distribution
among all the time traces. Equation (4.9) corresponds to the special case of uniform
distribution. Although the delay distribution is not really uniform (see figure 4.10),
the shape of the attenuation predicted by equation (4.9) is in very good agreement
with the experimentally measured attenuation plotted in figure 4.9.

Figure 4.10 shows the delays δi estimated for each trace. Here we see that the
variation of the delay is the sum of random fluctuation attributed to jitters in the
delay line initial position, and a slow drift that we attribute to thermal drift in the
optical fibers. On long acquisition (∼25 minutes), we have observed drifts up to 70 fs
(figure 4.10), which is more than 2 time steps, leading to signal attenuation of 15% at
3 THz (figure 4.9). Hence why the delay correction is essential for long acquisition



82 Chapter 4. Time domain spectroscopy on single SRRs

0 1 2 3 4 5 6 7 8 9 10

10−3

10−2

10−1

100

101

102

Frequency (THz)

E
(m

V
)

Electric field
Standard deviation without correction
Standard deviation with correction

Figure 4.8: Correction effect on the standard deviation for a remark-
ably large delay drift. The standard deviation is reduced by 28 dB at
1 THz. The spikes in the standard deviation after correction indicate
a variation in the water vapor concentration during the acquisition.
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Figure 4.9: Non corrected signal divided by the corrected signal in
the frequency domain for the measurement shown in figure 4.7 (blue)
and figure 4.8 (red). The strength of the filtering is different for each
measurement as it depends on the delay drift during the acquisition.
The spikes in the red curve come from variations of water vapor con-
centration during the acquisition. The fit of the strongest attenuation
with equation (4.9) gives ∆ = 75 fs. This value gives only an order
of magnitude since the delay distribution is not actually uniform (see

figure 4.10).

and measurement of small signal variations.
Another case where long acquisition is required is the study of strongly absorb-

ing samples. The delay drift could be one of the cause for the lack of reproducibility
in the measurements of liquid water in the THz range[11, 15–18]

We corrected the strong correlation between the standard deviation and the sig-
nal amplitude. Yet, one can note that the standard deviation still significantly goes
up at low frequency such that the best signal-to-noise ratio is reached around 1 THz
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Figure 4.10: Estimated delay drift during the same two measurements
as in figure 4.9. The red curve shows a drift of over 67 fs, which is

more than 2 time steps of the THz-TDS.

despite the maximum of the pulse spectrum being around 0.5 THz.

4.3.3 Experimental result on single resonators

In order to test the limit of our measurement method, we fabricated resonators on
a quartz substrate with a wide range of targeted resonant frequency, from 300 GHZ
to 3 THz. We also fabricated SRRs with different gap shapes, which should affect
the quality factors, as seen in chapter 2. Each resonator is isolated and at least 2 mm
away from any other structure. Wide areas without any structure were left on the
substrate to be used as reference. For each resonator and the substrate reference, we
take 10 000 time traces and apply the correction described in 4.3.2 before averaging.
Note that the alignment of the THz path has been significantly improved between
the next sets of measurements and the measurement on the complementary SRR.

Figure 4.11 shows a few examples of the resulting spectra, normalized with the
reference spectrum taken on the bare substrate. We observe that the resonances of
the resonator are clearly visible, with an amplitude of transmission modulation of
up to 5%, which is actually much higher than the transmission through the comple-
mentary SRR. We attribute this difference to the improved alignment. We were able
to measure the resonances of single SRRs with frequency ranging from 275 GHz to
3 THz.

As predicted from the FDTD simulations, the SRRs with larger capacitance have
a significantly higher quality factor (see section 2.1.1). The best quality factor mea-
sured is Q = 29.65, corresponding to a bandwidth of 30 GHz at 1 THz (figure 4.12).
The design of this SRR is the one illustrated in figure 2.7b on page 38, with a gap ratio
A
G = 30, a size a = 33 µm and 500 nm thick gold. Most metallic resonator designs fea-
turing similar or higher quality factors in the literature relies on destructive interfer-
ence from several resonators to cancel radiative losses[19, 20], or on supra-conductor
material to remove the ohmic losses at cryogenic temperature[21, 22]. This is to our
knowledge one of the highest quality factors achieved with individual SRRs in this
frequency range at room temperature.

Although the shape of the transmission is consistent with the model developed
in chapter 1, we notice significant deviation from the model at higher frequency. This
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Figure 4.11: Transmission spectra of 7 individual SRRs, with sizes
ranging from 15.5 µm to 175 µm normalized with the quartz transmis-
sion. The lowest resonance is measured at 275 GHz, and the highest
at 3 THz. In each spectra from 33 µm to 175 µm, we see a broadband
modification of the reflectivity starting at roughly twice the resonance

frequency.
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Figure 4.12: Transmission spectrum of a SRR with high quality factor.
The decay rates extracted from the fit with the model from chapter 1
give Q = 29.65, which is consistent with the ∼ 30 GHz bandwidth

observed in the spectrum.

deviation is consistently seen on each SRR. It appears as several transmission mini-
mum and maximum, but this appearance is only a consequence of the Fabry-Pérot
effect in the substrate. Indeed the Fabry-Pérot is mostly canceled by the normaliza-
tion with the reference, but a modification in the reflections coefficient or in the path
length makes it reappear. Hence, we interpret the features at high frequency as a
broadband increase in the reflection. As explained in chapter 1, our model relies on
the quasi-static approximation, which is only valid when the loops of current are
much smaller than the wavelength. Therefore, it is not surprising to see a deviation
from the model at high frequency, where this approximation does not hold. This
broadband reflection is likely due to one or a combination of the following facts:

• SRRs with similar shapes are known to have higher order resonance mode[23].
Such a mode with a low quality factor could be responsible for the reflectivity
at high frequency.

• Since the THz beam is focused, the spatial distribution is frequency dependent.
Specifically, the beam size is smaller at high frequency. This is usually not
an issue for spectroscopy of homogeneous mediums, but when looking at a
single object, the tighter focus at high frequency implies more reflection and
absorption, even with a constant extinction cross section.

Nonetheless, we are able to accurately measure the resonance of single resonators
in a full decade of frequency. This opens the way to experimentally study the behav-
ior of a SRR coupled with a dispersive material.

4.4 Coupling with Glutamic Acid

The material chosen for the coupling experiment is Glutamic Acid (GA). Crystalline
β-GA has a strong absorption line at 1.2 THz[24], which is in the frequency range
where we have the best signal-to-noise ratio. Furthermore, our analytical model pre-
dicts a strong coupling behavior if the GA is correctly coupled (see 1.3). Therefore,
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GA is a perfect material to test the validity of our model and our ability to couple a
material to a single SRR.

4.4.1 Preliminary characterization of Glutamic Acid

The GA used in our experiment was purchased from TCI2. We start by measuring
the transmission spectrum of GA in pellet form. To reduce absorption and provide a
reliable physical structure, powders are usually highly diluted (5% concentration) in
a polymer such as polyethylene to form a pellet. To interpret the measurements, one
has to rely on effective medium models (see 1.3.4) and potentially take into account
the scattering from the particles dispersed in the matrix. Thanks to the high dynamic
range of our THz-TDS system, reducing the absorption is actually unnecessary for
this material. We use a press to form a ∼ 0.5 mm thick pellet from pure GA. The
high pressure from the press leads to flats and homogeneous surfaces at both sides
of the pellet, which make the Fabry-Pérot effect predictable and useful to extract the
permittivity and thickness of the pellet. The transmission spectrum of the pellet is
shown on figure 4.13. As expected, we see a strong absorption line at 1.2 THz, and a
cluster of at least 2 lines[24] around 2 THz and above.
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Figure 4.13: Transmission spectrum of a ∼ 0.5 mm thick pellet of pure
GA normalized with the transmission through the empty holder.

Taking into account the Fabry-Pérot effect, we used a Lorentzian permittivity
model and the fitting method described in 4.2 to extract the parameters of the first
Lorentzian mode. As mentioned in chapter 1, the Lorentz model describes the per-
mittivity of a material whose charges act as damped harmonic oscillators[11]. The
permittivity of a Lorentzian material is given by:

ε l = ε∞ +
∆εω2

l
ω2

l + jγω − ω2
, (4.10)

where ε∞ is the permittivity at high frequency, ∆ε is the oscillator strength, γ is the
linewidth of the mode (in rad/s), and ωl is the resonance angular frequency of the
mode.

The fit presented in figure 4.13 uses 5 Lorentz terms. The first one matches the
main line at 1.2 THz, the next 3 model the line cluster around 2 THz, and the 5 at

2Product number: G0059
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higher frequency is a purely phenomenological term that models the broadband ab-
sorption of the sample. A finer model could be used to better describe the spectrum
around 2 THz and to take into account the lines at 2.45 THz and 2.6 THz. We decide
to focus on the first line at 1.2 THz, around which this model is in good agreement
with the measurement. The extracted parameters for this line are:

• ε∞ = 4.2,3

• ∆ε = 0.12,

• 2πγ = 41 GHz,

• 2πωl = 1.2 THz.

Note that the thickness of the pellet is also a parameter of the fit, which converged
to 0.54 mm.

4.4.2 Deposition procedure

Figure 4.14: Optical microscope image formed after evaporation of
10 µL of a saturated GA solution.

The GA solubility in water allows us to easily form GA from a saturated solution.
A small drop of the saturated solution is deposited on the quartz substrate and left to
dry at room temperature. Figure 4.14 shows the solid formed from the evaporation
of a large (∼ 10 µL), where we can see large crystalline formation. We mentioned
in section 2.2.2 that the surface state of the sample has a significant influence on the
evaporation speed of small droplets and consequently on the quality of the crystals.
Indeed, a droplet of water on a hydrophobic surface will take an almost spherical
shape, resulting in a smaller surface area than the same droplet on a hydrophilic
surface. Hence evaporation on a hydrophobic surface is slower and results in better
crystals.

Figure 4.15a shows optical images of a deposition attempt on a hydrophilic sur-
face, and figure 4.15b shows a similar attempt on a surface treated with Octadecyl-
trichlorosilane (OTS) (see 2.2.2). We see that the GA without OTS is at best very
poly-crystalline, and at worst amorphous. In contrast, the GA on the hydrophobic
surface is made of much larger mono-crystals.

3Here, ε∞ describes the permittivity after the first line.
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(a) (b)

Figure 4.15: (a): Deposition attempt of GA on a SRR with hydrophilic
quartz surface. (b): Deposition with OTS treatment making the
quartz hydrophobic. The SRRs are 21 µm large and indicated by ar-
rows. Both attempts were done with approximately 30 nL of satu-
rated solution. Yet, the droplet on the hydrophilic surface evaporated
in a few seconds, while the droplet on the hydrophobic surface lasted

several minutes resulting in much better crystals.
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Figure 4.16: (a): Drop with a diameter < 500 µm (b): Drop with a
diameter < 250 µm.

For the deposition on the SRR, the drop of saturated GA solution should be as
small as possible to limit the amount of GA around the SRR that could interact di-
rectly with the THz beam. We are able to produce droplets with a diameter on sub-
strate less than 500 µm, and even down to 240 µm (figure 4.16) i.e. a volume close to
30 nL assuming the drop is hemispherical, and less than 5 nL for the smallest ones.
Figure 4.17a shows a SRR covered with GA crystals. Although the total amount of
GA in the picture is less than 0.25 µg, it still covers a significant area around the SRR.

We first measured the spectrum of a similar amount of GA without SRR (fig-
ure 4.17b). We see on figure 4.18 that the low amount of GA does have a measurable
impact on the transmission spectrum. Surprisingly, we see a clear minimum in the
transmission at 2 THz, but no feature is visible at 1.2 THz, which is in contradiction
with the measurement taken through the pellet where the absorption at 1.2 THz was
at least as strong as at 2 THz. The reason of this discrepancy is still an open question,
but is likely to come from one or a combination of the following factors:
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(a)

125µm

(b)

Figure 4.17: (a): SRR (indicated by the arrow) covered and sur-
rounded by GA crystals. (b): GA crystals far from any structure, in

a quantity similar to the one surrounding the SRRs.
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Figure 4.18: Transmission spectrum of less than 0.25 µg of GA (fig-
ure 4.17b) normalized with the substrate transmission. The reflection
is broadly modified, with a clear absorption at 2 THz, and no clear
feature at 1.2 THz. The sharp spikes are from residual water vapor.

Wrong crystalline structure: There exists two polymorphs of GA called α-GA and
β-GA. The resonance mode at 1.2 THz only exists in β-GA[24]. Crystallization
in the α form would explain the spectrum. However, β-GA is more stable at
room temperature than α-GA[24], and we know from the pellet measurement
that the β form was present before dissolution in water. Therefore, the crystals
are expected to be in the β form.

Crystal orientation: The pellet is made of a large amount of crystals randomly ori-
ented. In contrast, the vast majority of the crystals are mostly flat and oriented
along the substrate. The absence of absorption could be due to a poor coupling
with the 1.2 THz resonance mode in this orientation. However, this should pre-
vent the near-field coupling with the SRR.

Destructive interference from the substrate: We performed the experiment on a
150 µm thick quartz substrate. Due to the Fabry-Pérot effect, 1.2 THz is near
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a minimum in the substrate transmission whereas 2 THz is at a maximum.
This means that light matter interactions are slightly enhanced at 2 THz and
hindered at 1.2 THz.

Outside the absorption line at 2 THz, we see from the reappearance of the Fabry-
Pérot that the reflection at the interface is modified in a broadband way, including
around 1.2 THz. This is likely to affect the parameter extraction in the coupling ex-
periment. But we should still be able to distinguish a sharp resonance in the broad
Fabry-Pérot. Using micro manipulators to place a single GA crystal on the gap of
the resonator would be a massive improvement in the coupling experiment.

4.4.3 Measurement result

We fabricated a second sample specifically designed to target the 1.2 THz resonance
of GA. Regardless of the resonance, adding GA to a SRR will shift its resonance to-
ward a lower frequency; we estimate that the resonance frequency should be around
1.3 THz to be correctly tuned. Following strong coupling theory (see 1.3.3), we also
try to make the quality factor of the SRR match the quality factor of the GA reso-
nance (QGA = ωl

γ = 29.3). Therefore we use the same gap geometry as the SRR from
figure 4.12, i.e. a gap ratio A

G = 30. However, we achieve this gap ratio with a nar-
row gap G = 500 nm. Since the GA crystals are mostly flat, we expect them to end
up on the gap rather than in the gap, this is fine as long as the gap is wider than the
gold thickness. Considering the narrow gap, we reduce the gold thickness to 200 nm
for this sample. This increases the radiative losses, hence we expect a quality factor
lower than 29.65.
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Figure 4.19: Transmission spectrum without GA, measured on the
SRRs specifically designed for coupling with GA. Resonance are dis-
tinguishable around 1.3 THz, but the depth of the lines are less than
0.5%, against several percent for the previously measured SRRs (fig-

ure 4.11).

Figure 4.19 shows the measured spectrum for the SRR without GA. Unfortu-
nately, we can already see a significant decrease in spectrum quality compared to
the previous spectra (Figure 4.11, 4.12) with an extinction smaller than 0.5% against
5% for the previous measurement. This variation in the coupling is discussed in
section 4.4.4.
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Note that 0.5% is still much higher than 0.02% that we were able to detect with
the complementary SRR. Yet we can see from figure 4.19 that we would have a hard
time identifying a resonance with only 0.02% of maximum extinction. This illus-
trates that in this experiment, we are limited by the quality of our reference signal
rather than by the dynamic range of the system.
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Figure 4.20: Transmission spectrum of SRRs covered with GA, where
the resonances either disappeared or are reduced to a small indent in

a strong Fabry-Pérot shape.
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Figure 4.21: Transmission spectrum of SRRs slightly out of tune for
coupling with the GA resonance. The resonances did shift toward
lower frequency, which confirms the presence of a form of coupling

with the GA.

Figure 4.20,4.21 shows examples of the spectrum measured on the SRRs covered
in GA. As expected from the measurement on the GA droplet residue (figure 4.17b),
we see a broadband modification of the reflectivity, with a minimum of transmission
at 2 THz. As for the resonance of the SRR, it almost completely disappeared for most
of the SRRs (figure 4.20). The features at 1.2 THz in these spectra are too small to be
clearly distinguished from the Fabry-Pérot. The only SRRs whose resonances are
still measurable with GA are the ones that are out of tune (figure 4.21).
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Figure 4.22: Transmission spectrum from one of the SRRs covered
with GA. The resonance shift from 1.33 THz (figure 4.19), to 1.24 THz
suggests that the coupled with the GA and correctly tuned to interact
with its main resonance. Yet the singular and unexplained shape of
the spectrum does not allow us to extract information. We were not

able to reproduce a similar result.

Note that the resonance of the detuned SRR did shift toward lower frequency
after being coated with GA. This confirms that there is indeed a form of coupling
between the GA and the SRR, yet the behavior of the coupled system when the
SRR is tuned does not match our prediction from the RLC model, nor from coupled
oscillator theory i.e. a splitting of the resonance for strong coupling, or a distortion
of the line shape for weak coupling.

One SRR spectrum clearly stands out from the other, plotted in figure 4.22. We
see a resonance at 1.24 THz which seems to overlap the expected resonance of GA
and an unusual shape in the Fabry-Pérot around it. We can affirm that it is coupled to
the GA since its original resonance was measured at 1.33 THz (figure 4.19). However,
the overall shape of the spectrum does not resemble any of the other spectra, with a
rapidly decreasing transmission toward high frequency. The lack of understanding
of the general shape of this spectra prevents us from extracting information from the
spectrum shape around 1.2 THz. We were not able to reproduce a similar result.

4.4.4 About the spectra quality

To correctly interpret the measurement, we need to address the decrease in signal
quality between the measurement in figure 4.11 and the ones in figure 4.19. Indeed,
considering the appearance of the spectra in figure 4.19, 4.20 and 4.21, it would be
fair to conclude that our signal-to-noise ratio is not good enough to extract any valu-
able information. Nonetheless, we previously demonstrated that we could detect
a clear signal from single SRRs in a wide range of frequency and quality factors.
There are a few differences in the design of the SRRs fabricated for coupling with
GA (figure 4.19), compared to the one fabricated to cover a large range of frequency
(figure 4.11), the most significant of which being the gold thickness. However, even
on the sample made for GA, out of tune SRRs with a resonance close to 1 THz give
us a much cleaner spectrum, as plotted in figure 4.23.
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Figure 4.23: Transmission spectrum of SRR with the same design and
on the same sample, but with a resonance at 1 THz. The resonance
is much clearer than for any of the resonances around 1.3 THz (fig-

ure 4.19).
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Figure 4.24: Transmission spectrum of the quartz substrate normal-
ized with the transmission in air. The transmission maxima corre-
spond to constructive interference at the interfaces. Oscillations at
high frequency are artifacts from the temporal rectangular window.

We suggested in section 4.4.2 that the destructive interference from the multiple
reflection in the substrate could be a potential explanation for the absence of absorp-
tion at 1.2 THz in the spectrum of GA crystals on quartz (figure 4.18). We were able
to properly measure single SRR with resonance at 0.5, 1, 1.5, 2, 2.5, and 3 THz. Com-
paring those frequencies to the transmission of the quartz substrate (figure 4.24), all
of them turn out to be coincident with transmission maxima in the quartz substrate.
The transmission maxima correspond to the frequencies where the multiple reflec-
tions inside the substrate interfere constructively at the surface, leading to enhanced
light matter interaction. This effect is purely linear and is taken into account in the
transmission formula developed in chapter 1 (equation (1.50) on page 14). Indeed
the change in contrast depending on the coupling with the Fabry-Pérot cavity is
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clearly visible in figure 4.25b. Nonetheless, we underestimated the experimental im-
pact on the signal-to-noise ratio. Because the SRR are fabricated on a thin substrate
(150 µm), the signals from the internal reflections overlap each other, thus we cannot
avoid interference with a temporal window to isolate the first pulse.

4.4.5 Coupling estimation
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Figure 4.25: (a): Optical microscope image of the SRR with a size a =
23 µm, taken as an example for coupling estimation. All the GA in the
vicinity of SRR is included in the picture. (b): Predicted transmission
spectrum for a coupled SRRs with different inductance and with the
coupling parameters estimated for the SRR shown in (a). Spectra are
normalized with the transmission of the substrate. The RLC model
predicts a splitting of the modes with this coupling. Outside of the
GA resonance, we see a contrast modulation in the SRR resonance,
explaining why the resonances measured at 1 and 1.5 THz are much

more distinguishable than the one measured around 1.25 THz.

Despite the poor quality of the spectra, we can estimate the quality of the cou-
pling between the GA and the SRRs by looking at the frequency shift after GA ap-
plication. We model the capacitor of the SRR with the equivalent circuit proposed
in section 1.3.4 (figure 1.10c on page 23), where a capacitor filled with GA is in
series with a capacitor filled with air, and in parallel with a capacitor filled with
the substrate material. Assuming that the substrate fill half of the total capacitance
(Fp = 0.5), and with the approximation ωn = ω0, we can express the resonance
frequencies of the resonator without and with GA as

ω2
0 =

2
Lα(εsub + 1)

, (4.11)

and ω2
c =

2
Lα(εsub + εeff)

, (4.12)

where εeff is the effective permittivity of the medium in the other half of the capaci-
tance, L is the inductance of the circuit, and α is the form factor of the capacitor such
that C = αε. Combining (4.11) and (4.12), we express the effective permittivity of the
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medium above the substrate as

εeff =
ω2

0
ω2

c
(1 + εsub)− εsub. (4.13)

Taking as an example the resonator with a size a = 23 µm (figure 4.25a). We mea-
sured its original resonance ω0

2π = 1.24 THz (figure 4.19) and its coupled resonance
ωc
2π = 1.08 THz (figure 4.21). With equation (4.13), we get εeff = 2.74. According to
the measurement on the GA pellet (section 4.4.1), the permittivity of GA at low fre-
quency is εGA = ε∞ + ∆ε = 4.32. Following the model from section 1.3.4, we deduce
the filling factor

Fs =

(
1

εeff
− 1
)

εGA

1 − εGA
= 0.83. (4.14)

With this value of Fs, the Lorentz parameters measured on the pellet, and the de-
cay rates measured on the SRR without GA, we use the coupled RLC model devel-
oped in chapter 1 to predict the behavior of SRRs with different resonance frequen-
cies, identically coupled to GA. The resulting transmission (figure 4.25b) features
the anti-crossing pattern characteristic of the strong coupling regime, with a Raby
frequency Ω

2π = 114 GHz. This confirms that the resonance of GA is fully suitable to
induce a splitting of the SRR mode, even with our imperfect coupling.

Nonetheless, as mentioned in section 4.4.2, we have no reason to assume that
the electromagnetic properties of a GA crystal are isotropic. The anisotropy of the
crystal has an influence on the coupling with the SRR that our models do not take
into account. Even if the resonance at 1.2 THz happens to couple only with out of
planes electric field, it does not necessarily mean that coupling in the near field is
impossible. As illustrated in figure 4.26, and experimentally verified in chapter 3,
the electric field from the SRR has an out of plane component. However, the aver-
age value of this component is zero. Evaluating the coupling with such a resonance
mode for different gap sizes will give us insight about the locality of GA mode. In-
deed, such a field profile should not couple with a mode delocalized over a distance
larger than the gap, but should couple with a localized mode.

+ -
Substrate

SRR

Sample material

Figure 4.26: Schematic cross section of a SRR gap and its field line cou-
pled with a crystal. The electric field is polarized out of plane above
the metal, but the vertical component is anti-symmetric and has a zero
mean value. A mode that couples with a vertically polarized electric
field should couple to the SRR, unless the mode is delocalized over a

distance larger than the gap.
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4.5 Next steps

With the help of noise analysis and an error correction algorithm, we demonstrated
spectroscopy on single SRRs in THz-TDS from 275 GHz to 3 THz. With a relatively
low numerical aperture (NA=0.356), we measured up to 5% of extinction at reso-
nance from single SRRs. Even though we are not currently able to extract informa-
tion from SRRs with less than 1% of extinction, we showed with the measurement
on the complementary SRR that signals down to 0.002% of the pulse intensity are
well within the reach of our dynamic range. We identified and characterized the
resonance of GA at 1.2 THz as a candidate for coupling with the SRR. We were able
to detect the absorption of GA at 2 THz from less than 0.25 µg even without any field
enhancement technique, other than the constructive interference in the substrate.

There are evidently a few obstacles left to be overcome to extract quantitative
information on a nanometric amount of material from a measurement on a single
SRR. But we experimentally confirmed that our SRRs are suitable for probing the
permittivity of such amounts of material.

As we focused our attention on the coupling of the SRR with the GA, it appears
that we underestimated the influence of the coupling of the SRR with the Fabry-Pérot
cavity formed by the substrate. Using a thicker substrate will allow us to perform
the experiment in a much more favorable configuration in two ways: First, we will
make sure that the interference is constructive at the frequency of interest. Secondly,
we will be able to separate the first transmitted impulsion, and analyze a signal free
from any interference. We will also reduce the reflection from the back side of the
sample with an anti-reflective coating.

Another point we will improve is the method of deposition of the GA on the
SRRs. Our measurements showed that even less than 0.25 µg of GA around the SRR
is enough to significantly alter the transmission spectrum and make the interpre-
tation of the result much more difficult. In fact, the SRR we used for the coupling
estimation (figure 4.25a) is the only one which was surrounded by a quantity of GA
small enough to provide a relatively clean spectrum around 1.2 THz (figure 4.21).
We need to improve the reliability of the deposition method to get this result on ev-
ery SRRs. We identified the water evaporation speed as one of the most significant
variables for the quality of the crystals. We used a hydrophobic surface treatment
to change the surface area of the droplets and slow down the evaporation. This
method greatly improved the quality of the crystals, but still does not allow a full
control of the evaporation speed, which tends to stay too fast for very small drops.
In the longer term, we will perform the deposition under a humidity controlled at-
mosphere. This will give us complete control over the evaporation speed and allow
us to obtain good quality crystals even from droplets small enough to barely cover
the SRR.

To better control the size of the drop, we will add a lithography step in our fab-
rication process to cover the SRR and its immediate surrounding during the surface
functionalization. Hence the vicinity of the SRR will stay hydrophilic while the rest
of the sample will be hydrophobic. This process will greatly facilitate the deposition
of drops on the hydrophilic area.

Although a lot of improvements are still possible in our experiment, we believe
that we are very close to demonstrate material parameter extraction from a measure-
ment on a single SRR, after which we will extend our experiments to other materials,
in particular to materials that are not available in large enough quantities to be mea-
sured as pellets.
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Chapter 5

Optical trapping from the confined
field of SRRs and graphene
plasmonic resonances.

In the previous chapters, we demonstrated how a resonator like a Split Ring Res-
onator (SRR) can be used to provide large field confinement. We characterized and
took advantage of this property to enhance light matter interaction and perform THz
spectroscopy experiment on samples much smaller than the diffraction limit.

However, spectroscopy is not the only possible application of field confinement.
In particular, a strong electric field gradient generates a force on dielectric or metallic
objects, called optical force. In this chapter, we will see how the field confinement
provided by a SRR can be used to create a THz optical trap.

As part of a collaboration with P.Q. Liu from the State University of New York
at Buffalo (UB), made possible by the Fulbright Program, we will then see how the
same principles are applicable in the mid-IR with an optical trap based on graphene
plasmonic resonance.

5.1 The Optical Tweezer

Optical traps have revolutionized, from fundamental physics to investigation tools
in biology with optical tweezers, and is going towards “lab-on-chip” with Optical
Trapping (OT) based on metallic nanostructures. These traps combined with mi-
crofluidics show particularly high performances allowing trapping of yeast cells,
and living bacteria. However, plasmonic trap suffer from absorption in the metal of
the nano-resonator. This local heat source induces convection in the fluid, leading to
weaker trapping or even preventing trapping of the smallest particles. Hence, there
is not today, any demonstration of on-chip OT of most viruses of interest that is with
dimension smaller than 50 nm.

Since the 70’s, with theoretical work [1] and the following experimental demon-
stration [2], optical traps have revolutionized many fields of science, from funda-
mental physics to novel investigation tools in biology such as optical tweezers.
These tweezers use free space optics to trap particles in a 3D “potential” leading
to a force proportional to the input optical power. Optical tweezers have become an
indispensable component in the biophysicists’ toolkit, leading to breakthroughs in
understanding DNA structure [3], RNA transcription [4], protein folding [5], cell
motility [6], and single-molecule biophysics [7]. The Practical extension of optical
tweezing below the range of about 100 nm for visible wavelength for a dielectric tar-
get is extremely difficult since the OT force is proportional to the 3rd power of radius [8].



100
Chapter 5. Optical trapping from the confined field of SRRs and graphene

plasmonic resonances.

Therefore, investigation of systems at smaller scales is hindered by optical diffrac-
tion, which limits the maximum optical forces that can be reached in optical tweezers
for a given input power [9]. This is particularly detrimental for biological systems,
where, to compensate for the weak gradient leading to weak forces, one needs to use
high levels of optical power, which eventually will damage the specimen [10, 11].
Therefore, if large nanoparticles (NP), such as large virus or bacteria (size > 50 nm),
can be trapped [12], the direct manipulation of many biological and non-biological
targets (e.g. most of viruses, proteins, and small NP’s) with sizes ranging from 50 nm
to 5 nm, during a reasonable time (several seconds), is out of reach with reason-
able power[13]. Because OT force on these objects cannot compensate for the fluidic
ones. To overcome this, “lab-on-chip” techniques based near field photonic struc-
tures were developed. If some optical traps have been built from dielectric, most of
them are based on metallic (plasmonic) nanostructures. This architecture employs
metallic nano-structures to concentrate and enhance incident optical fields in deep-
subwavelength gaps (e.g. [14–17]). These structures yields to photonic modes with large
near-field intensity gradients that greatly amplify optical forces for a given input power, en-
abling strong OT. Zhang et al. were able to enhance the light field enough with dipole
antennas to trap 10 nm gold particles [15] or 20 nm polystyrene beads [18]. In fact,
the performances of these 3D traps are higher than the free space ones because the
particle experiences the full field strength rather than an evanescent one and then
requires input-power densities 2–3 orders of magnitude lower than the biological
damage threshold [8].

Following the blossoming of the field of optofluidics, these plasmonic optical
traps were combined with µfluidics stage in a so-called optofluidics lab-on-chip op-
tical tweezers [9, 19]. Several studies employed plasmonic nanostructures to trap
biological objects. For instance, Miao et al. and Huang et al. used Au nano-spheres
[20], or Au nano-disks [19] to trap yeast cells (spherical shape of several µm of ra-
dius) in plasmonic OT. Going to smaller size, Righini et al. showed that living Es-
cherichia coli bacteria (cylindrical shape ∼ 2 µm length 300 nm radius) can be stably
trapped in a plasmonic nano-tweezer comprised of dipole nano-antennas for more
than two hours without visible damage [10]. Going smaller Kang et al. [21] claimed
that they managed to trap a large virus (100 nm) in dielectric traps but did not prove
that the trapping was done on single particles and not an agglomeration and results
have not yet been reproduced to our knowledge.

Progress in the field is fast, but there is not today any demonstration of on-chip
OT of most viruses (< 50 nm) because OT suffers from limitations [8]. Indeed, the
easiest way to increase OT forces is to increase the optical power. However, the
amount of power that can be applied is limited by heating induced by absorption of
the light in either the surrounding fluid, the target itself or the resonator. This heat-
ing will eventually boil the liquid or at least increase the temperature and therefore
induces additional thermal flux around the trap. The drag forces resulting from this
flux competes with the optical forces. Finally, this could simply release the trapped
particle.

If nanophotonics structure allows to tackle part of the problems, heating remains
a limitation for visible or NIR plasmonic OT systems because metal structures are
high absorbers in this spectral range and therefore are very efficient at convert-
ing electromagnetic energy to heat. Because of its importance, this effect in metal-
lic structure in the visible or NIR has been widely studied by the OT group of R.
Quidant [22–25]. At the end, they showed so much significance that they finally de-
cided to use it to make nano thermal sources inside a µfluidic circuitry [26]. As a
result, the demonstration of on-chip OT of viruses sizing ∼ 50 nm has never been achieved.
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Figure 5.1: Ray optics interpretation of optical forces, case of a coli-
mated and focused beam.

5.2 Optical forces

Optical forces can be intuitively explained by considering the momentum carried by
light and it’s conservation. When a beam is deflected or absorbed by an object, the
momentum of the beam is changed, and the difference is transferred to the object
by means of an optical force (see figure 5.1). This interpretation is good enough to
understand the general principle of a regular optical tweezer, but is not sufficient to
give quantitative results as it uses ray optic approximation, which does not apply
when studying phenomenon at scales close to the wavelength. For a general and
accurate description of optical forces, one has to use Maxwell’s equations to derive
Lorentz’s forces. This section is about the analytical calculation of optical forces
from Maxwell’s equation and Lorentz’s formula. In addition to the forces, light can
also apply a torque on a particle. Analysis and discussion about optical torque is
available in appendix A on page 141.

5.2.1 General case

The only hypothesis used is the classical physic hypothesis[27]. Lorentz’s forces can
be obtained from Maxwell’s equation in this general case.

#»∇.
#»

E =
ρ

ε
, (5.1)

#»∇.
#»

B = 0, (5.2)

#»∇∧ #»

E = −∂
#»

B
∂t

, (5.3)

#»∇∧ #»

B = µ #»ȷ + µε
∂

#»

E
∂t

, (5.4)

Where
#»

E is the electric field,
#»

B is the magnetic field, ρ is the charge density, #»ȷ is the
current density, ε is the vacuum dielectric permittivity and µ is the vacuum magnetic
permeability. The Lorentz’s force on a particle with a charge q and a speed vector #»v
is given by:

#»

F = q
#»

E + q #»v ∧ #»

B . (5.5)
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This formula can be written for an infinitesimal volume:
#»

F
dV
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E + #»ȷ ∧ #»

B , (5.6)

using (5.1) and (5.3)
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furthermore, the Pointing vector derivative is
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thus, (5.7) can be expressed as
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We add the term (
#»∇.

#»

B)
#»

B = 0 to get a symmetrical expression between
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We remove the cross products from the expression using the following identity
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The Maxwell’s Stress Tensor (MST) is defined as

Ti,j = ε
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2
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2
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)

, (5.14)

which leads to this much shorter expression of the optical force

#»

F
dV

=
#»∇.T − εµ

∂
#»

S
∂t

. (5.15)

For forces applied on relatively massive objects (i.e. not single atoms), the inertia
of the object prevents it from being affected by forces oscillating at the THz time scale
and above. If the electromagnetic source is a continuous monochromatic beam, the
second term of (5.15) is oscillating at twice the frequency of the light source, and has
a zero mean value. Hence why we neglect it in the rest of the calculation.

Using the divergence theorem, the integrated optical force over a volume V is
expressed as:
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#»

F tot =

˚
V

#»∇.TdV =

‹
∂V

T.
# »

dS, (5.16)

Where ∂V is the surface enclosing the volume V.
This formulation is very useful in numerical computation, since it allows one

to get the force on a particle knowing only the MST on a closed surface around
the particle, and does not require to evaluating the tensor on every point inside the
volume, which considerably reduces the memory requirement.

In that last formula, it seems like the optical force on a particle is independent
of the optical index of the surrounding medium, however this formula gives the
optical force as a function of the total electromagnetic field, which itself depends on
the different material indices as well as the particle geometry. All this information
can indirectly be found in the Maxwell stress tensor. Therefore this formula cannot
be used alone, and the electromagnetic field needs to be computed with another
method such as Finite Difference Time Domain (FDTD) for numerical computation.

5.2.2 Force on a neutral dielectric Rayleigh particle

We take as a definition of a Rayleigh particle, a particle whose size is negligible in
regard to the spatial variation of the electromagnetic field. A dielectric sphere with a
radius a in an electromagnetic field with a ≪ λ can be modeled as an electric dipole
[28]. We assume the particle is electrically neutral, immobile, and does not have
nonlinear properties. The electromagnetic field induced by the sphere is neglected
here, the force caused by it shall be discussed later. We define the polarizability of
the sphere α (in SI units) as #»p = α

#»

E , where #»p is the dipole moment. Since a ≪ λ, the
electric field is developed at first order, and the magnetic field is considered constant
through the dipole.

The Lorentz force on the dipole is then written
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where #»r1 ( #»r2) is the barycentre of the positive (negative) electric charge q (−q). The
first order approximation of
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where #»r = #»r1 − #»r2 is the displacement vector. Therefore
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and
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with #»p = α
#»

E , where α is the polarizability tensor of the particle, that is a scalar value
in the case of a homogeneous isotropic sphere. If the electric field is oscillating, the
polarizability is described with complex values. Since we are working with the real
values of the electric field and of the polarization vector, the expression becomes
#»p = ℜ(α) #»

E . Thus
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which can be rewritten using (5.12) and (5.3)
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As in the general case, the force is divided in two parts, the first one being associ-
ated with spatial variation of intensity while the second is associated with temporal
variation of intensity. If we assume that the particle is massive enough to be unaf-
fected by forces variation at twice the light frequency and is exposed to a beam with
constant intensity, then

#»

F =
1
2
ℜ(α) #»∇E2. (5.24)

Optical forces are in general not conservative, because the particle affects the electric
field distribution. Nonetheless, if the field scattered by the particle is neglected, the
optical force is expressed as a gradient, therefore we can define the pseudo-potential:

U = −ℜ(α)E2

2
. (5.25)

The polarizability of a dielectric sphere with an electric permittivity ε in a
medium with an electric permittivity εout is given by [29]

α = 4πa3ε0εout
ε − εout

ε + 2εout
. (5.26)

Finally,

#»

F = ε04πa3ℜ
(

εout
ε − εout

ε + 2εout

)
#»∇E2. (5.27)

In the case of a particle much smaller than the field variation, the electromagnetic
wave emitted from the dipole is known as Rayleigh scattering and cannot really
be ignored. Indeed, the Rayleigh scattering induces a change in the momentum of
light and therefore a force on the particle, which has to be taken into account. This
force is along the direction of wave propagation and is given by Fscat = nout ICscat/c
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where Cscat is the scattering cross section, and nout is the index of the surrounding
medium [2]. If the sphere is not absolutely transparent, another optical force results
from the absorption, also along the direction of wave propagation and given by
Fabs = nout ICabs/c where Cabs is the absorption cross section of the particles. Both
the scattering and the absorption cross section can be expressed as a function of the
complex polarizability [30]

Cscat =
k4|α|2
6πε2 , (5.28)

Cabs =
noutkℑ(α)

εoutε0
. (5.29)

5.2.3 Optical forces in a Gaussian beam

The intensity of a Gaussian beam is given by

I(r, z) = I0

(
w0

w(z)

)2

exp
(
−2r2

w(z)2

)
, (5.30)

where r is the radial distance from the center axis of the beam, z is the axial distance
from the beam’s focus, I0 is the intensity in the beam center, w0 is the waist radius
and w(z) is defined as the radius where the intensity values is 1/e2 of their axial
value in the plane z along the beam. Therefore

E2(r, z) = 2η I(r, z) = 2η I0

(
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where η is the characteristic impedance of the medium. Considering w(z) is given
by

w(z) = w0

√
1 +

(
z
zr

)2

, (5.32)

where zr =
πw2

0
λ is the Rayleigh range of the beam, the spatial derivatives of E2 can

be expressed as follow
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Thus in cylindrical coordinates
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and
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5.3 Terahertz optical tweezer

5.3.1 Trapping smaller particle with terahertz radiation

As it has been shown in the previous section, the gradient force on a particle is pro-
portional to its volume and to the intensity gradient of the beam. Therefore, in order
to trap smaller particles, one must increase the power of the laser source, or decrease
the volume where light is focused. Using THz waves instead of visible, near infrared
or ultraviolet light is consequently counter-intuitive since the Abbe diffraction limit
in this range of frequency is even more limiting. Nonetheless, the goal being to
trap small particles like viruses or large proteins, increasing the intensity gradient
by increasing the laser power and reducing the wavelength would work as far as
trapping is concerned, but the high intensity is likely to destroy or alter the big or-
ganic molecules such as DNA [11]. Another possibility to create a strong gradient
force is to avoid the diffraction limit with near-field optics, by using a metallic res-
onator to confine an electric field in a volume way smaller than the diffraction limit.
Yet trapping particle near a metallic metasurface brings up another issue. Indeed,
the laser light will heat the metal through absorption, causing convection movement
that will expel the particle from the trap. This is the reason why the terahertz range
is of particular interest for near field optical trapping, metals being very close to per-
fect electrical conductors at these frequencies, generating 100 to 1000 times less heat
than in the visible or infra-red range [31].

5.3.2 Tweezer design
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Figure 5.2: General schematic of the tweezers setup.

The terahertz optical tweezer in itself consists of a THz laser (gas or Quantum
Cascade Laser), a set of parabolic mirrors to focus the beam on the sample, and the
micro-resonators described in section 5.3.4 on page 114. As seen in the theoretical
section, the only requirement for strong optical forces is a strong gradient in the
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magnitude of the electric field. Hence the resonators described later are designed
to confine an electric field in a chosen volume. Furthermore, an optical microscope
is needed to observe and demonstrate trapping, and a secondary optical tweezer is
used to compare and measure the stiffness of the THz trap. The secondary tweezers
is a standard near infrared optical tweezers, using a microscope objective both to
focus the infrared laser beam and to observe the sample. The main components of
the infrared optical tweezers are:

• A 976 nm, 300 mW laser diode, which generates the secondary trapping beam

• A high aperture oil immersion microscope objective lens (NA=1.2), used to
make an image of the sample, and to focus the secondary laser beam on the
same plane

• A condenser lens, used to illuminate the sample for the observation, and to
collimate the infrared light from the secondary laser beam gone through the
sample. This light is used by the force detection module described later.

• A camera, to record the image of the sample through the objective lens.

In addition, a force measurement system designed to be used with the infrared
tweezer is used to evaluate the infrared trap stiffness, and to obtain an estimation of
the THz trap stiffness by comparison. A secondary camera is added for alignment.
A schematic of the whole device is shown on figure 5.2.

Figure 5.3: Example of electric split ring resonator designs with three
different gap sizes (0.5 µm, 4 µm and 6 µm), the trapezoidal shape

makes the capacitance independent of the gap size.

5.3.3 Simulation

In contrast with a Gaussian beam, the field distribution in the near-field of a SRR
does not take an analytical form. We have seen in chapter 3 that this field distribution
is also very difficult to measure experimentally. Hence numerical simulation is the
most efficient way to estimate the stability of the THz OT.

Numerical force calculation

The Lumerical software provides two ways for the calculation of the optical forces
from the electromagnetic field data, described hereinafter. Those computation meth-
ods can be adapted for torque computation (see appendix A.3 on page 143).



108
Chapter 5. Optical trapping from the confined field of SRRs and graphene

plasmonic resonances.

Volumetric method The volumetric method evaluates the optical forces in every
mesh of a cuboid aligned with the coordinate system. For each of these mesh, the
force density is calculated directly from the Lorentz formula on an infinitesimal vol-
ume (5.6) on page 102, with a charge and current density evaluated from Maxwell’s
equation and numerical value of the electromagnetic field obtained with the FDTD
method. The total force is then calculated by integrating the force density over the
whole volume. The main advantage of this method is that it allows one to get a map
of the force density at every point of the volume, and to get the total force on a more
specific volume inside the cuboid by using custom a window before the integration.
Recording the electromagnetic field in every mesh of the volume is however very
heavy in terms of memory requirement

MST method The MST method evaluates Maxwell’s Stress Tensor on the surface
defining the volume, and uses the formula (5.16) on page 103 to compute the force.
Like the volumetric method, the volume can only be a cuboid aligned with the co-
ordinate system. But in this case, there is no integration technique that can be used
to get the force on a sub-volume. As it had been shown in section 5.2.1, this method
allows one to get the force on the volume knowing only the electromagnetic field on
the surface of the cuboid without additional approximation, making it very efficient
in terms of memory and time requirement. It can however be subject to numerical
noise making it less reliable when the force is small [32].

Comparison of both methods To summarize the theoretical strengths and weak-
nesses of each technique:

• The MST technique has much lower memory requirements.

• The MST technique is sensitive to numerical noise when the force is small.

• The volumetric method does not work for special material such as Perfect Elec-
trical Conductor (PEC), where the optical force is applied on an infinitesimal
volume.

• The volumetric technique is less reliable when the mesh is coarse.

• The volumetric technique allows for more possibility about the shape of the
volume where the force needs to be calculated.

To simulate the optical forces on a sphere above a SRR, we are always able to find
a cube of homogeneous media surrounding the particle. We use the MST method in
our simulations.

Simulation result

The most common criteria to estimate the stability of an optical trap is to compare
the pseudo-potential (see (5.25) on page 104) with kBT, where kB is the Boltzmann
constant, and T is the temperature. A trap is considered stable when the poten-
tial well is deeper than 10kBT. Note that this approach only takes into account the
depth of the well, and not its width, which plays a significant role in the probability
of a particle being ejected from a potential well by Brownian motion (see 5.3.4 on
page 110 for a more detailed description of Brownian motion).
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Figure 5.4: Pseudo-potential of a diamond particle above a SRR. Value
extracted from FDTD simulation with 1 mW input power. The poten-
tial well is compared to thermal energy kBT at T = 300 K to estimate

the stability of the trap.

To estimate the viability of the SRR as a trapping device, we use the MST method
to compute the force on a dielectric sphere with a radius r = 500 nm and a refrac-
tive index n = 2.4, which is the refractive index of diamond. The sphere is placed
above one of the arms of a gold SRR, and the simulation is repeated for multiple po-
sitions of the bead along the vertical axis. The force is then integrated to estimate the
pseudo-potential. Figure 5.4 shows the calculated potential assuming a THz input
power of 1 mW, compared to kBT and 10kBT with T = 300 K. We see that the calcu-
lated pseudo-potential is indeed deeper than 10kBT. Furthermore, we have access to
sources more powerful than 1 mW, and the temperature can be lowered if needed.
Hence SRR are fully suitable for optical trapping of diamond micro-particles.

5.3.4 Experiment

Secondary infrared optical tweezers

The final objective of this experimental setup is to demonstrate optical trapping in
the terahertz range. It includes a classical infrared secondary optical tweezers, which
will be useful to set the particle around the trap and measure the force from the main
terahertz tweezer.

The setup used for the infrared optical tweezer is based on the commercially
available “Modular Tweezers OTKB/M” from THORLABS along with the Force
measurement module and the fluorescence module. It includes a 300 mW fibred in-
frared laser diode at 976 nm (BL976-SAG300), a trapping objective (100X oil immer-
sion Nikon objective lens with 0.23 mm working distance, 1.25 numerical aperture),
a condenser lens (10X Nikon objective lens with 7 mm working distance and 0.25
numerical aperture), a quadrant position detector, a camera and all the optomechan-
ical and optic components needed for alignment (see figure 5.5). A few elements
have been changed in the setup in order to allow the addition of the THz setup. The
purpose of the condenser lens is both to illuminate the sample, and to collect the
laser light used for the force measurement. The objective lens sold by THORLABS
is perfectly suitable for this. However the 7mm working distance is too small to
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Figure 5.5: Infrared optical tweezer.

allow the future implementation of the terahertz tweezer in the experiment. This
objective lens is therefore replaced with the MY10X-803 from Mitutoyo which has
the same numerical aperture with a 34 mm working distance which should leaves
enough space for future additional components interacting with the sample. In ad-
dition, a secondary camera is used to observe the sample from the condenser lens,
giving a convenient view point to align the THz focal point with the infrared focal
spot. The illumination system has been improved with an additional lens, a diffuser
and a more powerful LED source. The illumination setup realized with these ele-
ments is a Köhler illumination setup [33], where the light from the source is focused
on the back focal plane of the condenser lens, in order to get a uniform illumination
on the sample, and avoiding to get an image of the source in the imaged plane. The
setup with the additional elements is represented with annotation in figure 5.6.

Force measurement

Our experimental setup offers two ways to measure the forces applied by the THz
trap on a particle. The first one is based on the measurement of the equilibrium
position when the particle is trapped by the secondary tweezer. The second is based
on direct measurement of the particles speed and acceleration

Infrared trap stiffness measurement The force measurement module from THOR-
LABS is designed to evaluate the stiffness of the infrared optical tweezer, and will
not be able to directly detect the terahertz trap stiffness. However, it is possible
to compare the infrared trap stiffness with the terahertz trap stiffness with the de-
viation of the equilibrium point of a trapped particle in presence of the terahertz
field. Indeed, at equilibrium, the force from the infrared field and the force form
the terahertz field cancel each other, since the force from the infrared tweezer can
be deduced at every point of space from the measurement and the analytical opti-
cal force formulas, the terahertz trap stiffness is accessible. However, this technique
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Figure 5.6: Annotated photograph of the modified setup

is not perfect considering the presence of gold metasurface that can also interact
with infrared light, causing heat, convection movement, and reflection. These phe-
nomenons will disturb the force field created by the infrared light alone, and there-
fore decrease the accuracy of the comparative measurement.

Figure 5.7: Shape and positioning of the diode in the quadrant posi-
tion detector PDQ80A

In the complete infrared optical tweezer (figure 5.2 on page 106), a condenser
lens is used both to illuminate the sample with white light, and to receive the laser
light coming from the sample. The sample is located on the front focal plane of this
lens. The force measurement module is based on Back Focal plane Interference (BFI),
it uses a lens to conjugate the back focal plane of the condenser lens with a quad-
rant position detector. The quadrant position detector is made out of four photo-
diodes, positioned as shown in figure 5.7 and delivers three signals corresponding
respectively to the differential signal along the X axis ((Q2 + Q3)− (Q1 + Q4)), the
differential signal along the Y axis ((Q1 + Q2) − (Q3 + Q4)), and the sum signal
(Q1 + Q2 + Q3 + Q4). Those signals allows to evaluate the position of a light spot
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on the detector. A dichroic mirror is used to retrieve only the laser light beyond the
sample without affecting the illumination system. Since the plane of the detector is
conjugated with the back focal plane of the condenser lens, the optical field detected
is the Fourier transform of the optical field on the sample plane. In the case where
a particle is trapped near the focal point of the laser, the light spot position on the
back focal plane is proportional to the relative position of the particle in respect to
the focal point, regardless of the focal point position itself.

The OTKBFM-CAL module (from Thorlabs) provides an analysis software that
uses two methods to compute the stiffness of the infrared optical trap based on the
quadrant detector signal. The first one is based on the equipartition theorem, stating
that the average energy associated with each degree of freedom of a system is given
by

< Ei >=
1
2

kbT, (5.37)

where kb is the Boltzmann constant and T is the temperature. Furthermore, when
the particle is trapped with the infrared optical tweezer, the particle is close to the
center of the trap, and the potential of the trap can be approximated as a quadratic
function. Therefore, the average energy of each translational degree of freedom is
given by

< Ei >=
1
2

ki < x2
i >, (5.38)

where ki is the stiffness of the trap in the direction of the degree of freedom i. Thus

ki =
kbT

< x2
i >

. (5.39)

The second method is based on the Power Spectrum Density (PSD) of position
fluctuations. Without turbulence in the fluid surrounding the particle and consid-
ering the particle is light enough that the inertia term mẍ(t) is negligible in regard
to the forces involved, its position is described as a damped oscillator following the
Langevin equation

βẋi(t) + kixi(t) = F(t), (5.40)

where β = 6πηa is the drag coefficient, η is the fluid viscosity, a is the radius of the
particle and F(t) is thermal fluctuation induced force. The PSD is therefore in the
form

S( f ) =
kbT

π2β( f 2 + f 2
c )

, (5.41)

where the roll-off frequency is given by

fc =
ki

2πβ
. (5.42)

The measured PSD can be fitted to evaluate fc and the trap stiffness ki.

Forces from speed and acceleration The video recording of the optical trapping al-
lows one to track precisely the position of a given particles in time, considering there
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is no large variation of speed between two images, the speed and acceleration of the
particles can be measured. Assuming optical force and viscous drag are the only
forces applied to the particle, the sum of the forces applied to the particle is obtained
with Newton’s second law as in equation (5.40). However as the particle size and
mass decrease, random movements due to brownian motion start to become signif-
icant, and the data need to be filtered in order to get an accurate estimation of the
optical force. Furthermore, it is difficult to access information about the position and
movement along the axis orthogonal to the observation plan from images obtained
from an optical microscope.

Each of them having their own significant default, both methods need to be used
in complementarity.

Terahertz beam path

(a) Laser side. (b) Tweezer side.

Figure 5.8: THz optical setup. (a): The beam goes through a polariza-
tion rotator made of three planar mirrors. It is then enlarged with two
confocal parabolic mirrors and directed toward the tweezer optical
table.(b): The beam diameter is reduced with two confocal parabolic

mirrors and focused on the sample with another parabolic mirror.

The terahertz source used in this experiment is the FIRL-100 far infrared contin-
uous laser from Edinburgh Instrument. Its output is a gaussian beam of frequency
2.5 THz (λ = 118.8 nm). This beam is guided and focused toward the sample with
plane and parabolic mirrors. Because the THz laser is used for other experiments,
the laser and the optical tweezer are on two different optical tables. the optical setup
is divided in two part:

The laser side, where the beam is polarized and widened to reduce diffraction
through the path toward the second table. (see figure 5.8a)
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The tweezer side, where the beam is reduced to its original size and focused on the
sample. (see figure 5.8b on the preceding page)

At the laser output, the beam has a horizontal polarization; a set of three mir-
rors is used to rotate this polarization in order to match the orientation of the sam-
ple. The beam is widen with two confocal parabolic mirrors with respective focal
lengths 25.4 mm and 50.8 mm which has the effect of doubling its width while keep-
ing (or correcting if needed) the collimation. On the other table, the beam size is
reduced back to its original size with another couple of confocal parabolic mirrors
with respective focal lengths 101.6 mm and 50.8 mm. The reduced collimated beam
is finally focused on the sample with a last parabolic mirror with a 25.4 mm focal
length. The resulting beam is focused with up to 0.45 numerical aperture, which
means a focus spot radius down to ∼ 80 µm. The measured THz power after the
last parabolic mirror is about 30 mW, which is more than enough according to the
simulations.

Microfluidics cell

In order to demonstrate optical trapping with terahertz waves, the liquid medium in
which particles will be suspended must be transparent in the terahertz range, which
is not the case of a polar liquid like water. The medium chosen for the demon-
stration is hexane, a non-polar liquid transparent in terahertz, less dense and less
viscous than water. In a classic optical trapping experiment, a drop of water with
a microparticle is putted between two glass slides in the same way as in a regular
optical transmission microscope. However, if the same protocol is applied with hex-
ane instead of water, the hexane evaporates completely within a few seconds. This
is why a microfluidic cell has to be designed in order to isolate the hexane from the
atmosphere.

Figure 5.9: Component used to fill the microfluidics cell.

Cell design The microfluidic cell is designed to work with the component shown
on the figure 5.9. The upper part of the cell is a quartz slab with two holes where
hexane is injected, the bottom part is a 150 microns quartz slide with metasurfaces
on it. Between these two quartz layers, the shape of the microfluidic channel is
delimited with a solid resist. The choice of the resist is leaded by two criteria: it
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must be able to hold hexane during an extended period of time, and must be in solid
state so it can be shaped before being polymerized. In order to test the fabrication
process, the first shape of the channel is a simple rectangle. This shape is good
enough to demonstrate optical trapping in hexane. It could later be replaced by a
more complex channel shape allowing control over the fluid movement inside the
cell.

1

4

3

Quartz cap
with two holes

Non-polymerized
solid resist film

5 Polymerized resist
after UV exposition

Quartz substrate
with SRRs

2

(a)
(b)

Figure 5.10: (a): Step by step illustration of the microfluidics cell fabri-
cation process. (b): Complete microfluidic cell mounted in the optical

tweezer setup.

Cell fabrication The microfluidics cell is fabricated according to the following
steps (figure 5.10a):

1. Using laser ablation, a 1.5 × 3 mm rectangle is cut from a 1 mm thick quartz
substrate, and two holes are pierced for the microfluidic access. The sides are
polished to relieve stress caused by laser cutting.

2. The shape of the microfluidic channel is cut from the resist film with a punch.

3. The shaped resist film is applied on the quartz top with a heating laminator.

4. The quartz top with the resist is put on the 150 µm thick quartz sample with
the previously fabricated SRRs.

5. The cell is heated and exposed to UV light to polymerize the resist.

The advantage of the solid resist in this process is that it can be shaped without
being polymerized, thus the cell can be sealed by heating it while the resist is not
polymerized, but in contact with both quartz slides.

Figure 5.10b shows a fully assembled microfluidic cell mounted in the OT ex-
periment. The process is reliable and the resulting cells are easily filled with hexane
using syringes. No sign of degradation is visible on the resist, and infrared optical
trapping of micro-particles inside the cell is possible.
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Figure 5.11: THz Time Domain Spectroscopy (THz-TDS) transmis-
sion spectrum of the same SRR array in a microfluidic cell. As ex-
pected, the resonance shifts toward lower frequency when hexane is
injected in the cell. The spectra are normalized with the transmission
of the cell far from the SRRs (without and with hexane). The large
fluctuations are due to the multiple reflection inside the three layers

of the microfluidic cell.

THz-TDS characterization of the SRR submerged in hexane

Since hexane has a higher refractive index than air, we expect the resonance fre-
quency of the SRR to be shifted toward lower frequency when hexane is injected
in the microfluidic cell. Since the SRR must be in resonance with the THz laser at
2.52 THz with hexane in the cell, we measure the transmission spectrum of SRR ar-
rays inside the cell. Figure 5.11 shows the measured transmission spectra through
the same SRR array, with the cell empty, and with the cell filled with hexane. Due
to the multiple reflections in the cell’s three layers, the spectra are strongly affected
by the Fabry-Pérot effect even after normalization. Yet the resonance from the SRR
array is still clearly visible, and the spectra confirms that the resonance is shifted to
lower frequency with hexane. Hence we can accurately select the SRR that resonates
with our THz laser.

Particle sample

To test the performance of our optical tweezer, we will start by using dielectric par-
ticles that are large enough to be easily observable and trapped with the secondary
optical near-IR optical tweezer, so we can apply the method presented in 5.3.4.

We selected two kinds of particles for the proof of concept: Silica beads and
diamond particles.
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Silica beads are calibrated spheres of SiO2, with sizes ranging from a few hun-
dreds of nanometers to a few micrometers. Their spherical shape and size precision
make them ideal for trapping with a gaussian beam OT. As such they are commonly
used in optical trapping experiment biology research[34]. This make this particle
ideal for precise characterization of the optical forces generated by the THz OT. An-
other common particle used in OT application is polystyrene[3, 4, 7], but this mate-
rial is not compatible with non-polar solvent.

Figure 5.12: SEM images of the diamond particles with two different
size distributions. The shapes are far from spherical, which can be an
issue for the gaussian beam OT, but does not matter as much for the

near-field OT.

The diamond particles are monocristaline synthetic diamond formed by high-
pressure/high-temperature synthesis. They are initially made for polishing applica-
tion and bought from the Diprotex company 1. They are low cost and available in
large quantity in a wide range of sizes (from 50 nm to 80 µm). Their shape are much
more random than the silica particles (figure 5.12), which make them harder to trap
and measure with the gaussian beam OT . However, the high refractive index and
low absorption of diamond in the THz range theoretically leads to greater optical
forces from the SRR near-field trap.

Both types of particles are highly hydrophilic, thus easy to disperse in water,
which suggests a large density of hydroxyl groups at their surface. However, they
do not form stable suspension in non-polar solvent, and instead tend to immediately
cluster in large lumps that fall to the bottom of the solution. To facilitate the bound-
ing between the particle and the non-polar solvent, we use surface functionalization
with Octadecyltrichlorosilane (OTS), which replaces the polar hydroxyl termination
with non-polar carbon chain (see 2.2.2 on page 46 for more detail on OTS treatment).

Figure 5.13 shows a picture of diamond particles in hexane a few seconds after
agitation, before and after treatment with OTS. We successfully managed to create
stable suspensions of diamond and silica micro-particles in hexane. The suspensions
can be injected in the microfluidic device for trapping experiments.

5.3.5 Protocol and result

All the necessary elements are now gathered to proceed to the proof of concept ex-
periment. Once our test particle is suspended in hexane and injected in the microflu-
idic cell,

1“MSY type micron diamond”, https://www.diprotex.com/-Diamond-types-68-

https://www.diprotex.com/-Diamond-types-68-
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Figure 5.13: Photograph of diamond microparticles (sizes ranging
from 0.5 µm to 1 µm) in hexane. Left: Without surface treatment.
Right: With OTS surface treatment. Both solutions were agitated a

few seconds before the photograph was taken.

• A particle is trapped with the secondary optical tweezer and brought close to
the gap of a SRR

• The power of the infrared laser is lowered down to the limit of stability of the
trap

• The THz beam is turned on

When the THz beam is turned on, the particle should be attracted toward the gap,
causing at least a displacement of the equilibrium point. When the THz beam is
turned off, the particle should either go back to the center of the secondary trap, or
be set free if the THz trap had completely drawn the particle away from the infrared
trap.

Unfortunately, all the numerous attempts were unsuccessful, and we were not
able to experimentally demonstrate the existence of any force correlated with the
THz input (outside of quite visible thermal effects). The reason for this failure is still
to be found, and will be the object of further investigation. In order to minimize the
number of unknown parameter in the experiment, the following adjustment will be
implemented in the experiment:

Loss reduction in the THz beam path: Since the optical forces are harder to detect
or generate than initially expected, increasing the THz excitation power will
increase our chances of success. We can reduce the power loss by removing
the water vapor along the beam path, using dry air purged pipes around the
beam. This would increase the beam intensity and optical forces by up to 20%.

Advanced microfluidics: A more advanced microfluidic design will allow us to
gain better control over the fluid dynamics occurring in the trapping exper-
iment.

Static charge suppression: Since hexane and quartz are both good electrical insula-
tor, static charges build up in the liquid and particles when they move through
channels[35–39]. Those static charges creates additional forces that prevent the
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OT experiment to be performed. We will limit the charges accumulation by
using conducting tubes and channels to brings the suspension to the OT area.

To conclude, we fabricated SRRs that create an electric field gradient when ex-
cited at resonance. We predicted from simulation that this electric field gradient is
strong enough to generate a stable trap with only 1 mW of incident power. We build
a THz optical path to focus up to 30 mW of THz power on the experiment. We as-
sembled a microfluidic platform compatible with non-polar solvent. We checked
that our SRRs were correctly tuned with our excitation laser when submerged in
hexane. We selected and treated micro-particles compatible with THz optical forces.
We use a secondary optical near-field optical tweezer to realize the experiment in a
controlled way. Yet we could not generate or detect any appreciable force on our
particles. Nonetheless, it is highly improbable that THz optical trapping is funda-
mentally impossible. Indeed optical trap based on metallic structure are known to
work both at higher frequency, in the near-IR[17, 19, 40], and at much lower fre-
quencies, down to the kHz range, where the gradient force is more commonly called
dielectrophoresis force[41–43]. Hence we will pursue the investigation in order to
understand why the experiment was unsuccessful so far.

5.4 Graphene plasmonic tweezer

In this thesis, we focused almost exclusively on SRR for field confinement in the
THz domain. Nonetheless, a large part of the concepts developed here, including
optical forces, are applicable to other kinds of structure and frequency range. In this
section, we will focus on the work done at the University at Buffalo on the concep-
tion of an optical tweezer based on graphene plasmonic resonances. This work was
done under the supervision of Pr. Liu. This collaboration was made possible by the
Fulbright grant that I got for the year 2021.

Knowing that graphene exhibits surface plasmons featuring even greater field
confinement than metallic structures [44], we consider graphene structures to reach
the macromolecule scale. Graphene, being a monoatomic layer, is moreover intrin-
sically suitable to fabricate nano-structure. Plasmonic tweezers based on graphene
structures have several appealing advantages over metallic plasmonic tweezers :

Flexibility: Optical trap based on plasmonic or LC resonance with metallic struc-
ture severely lacks flexibility. The operation frequency and the trap location
are fixed during fabrication. Therefore if those traps allow one to catch and
release a particle, they cannot move a trapped particle to a desired location.
The carrier density in graphene varies with the electrostatic gating, which in
turn determines the frequency and strength of the plasmonic resonances of a
graphene structure. Therefore, graphene plasmonic tweezers allow for con-
venient electrical switching on/off, modulation and continuous tuning of the
trapping force and position.

Greater field confinement: Graphene surface plasmons feature exceedingly large
field confinement and enhancement compared to metal plasmon in the visi-
ble range (confinement factor in the range of ∼ 100 can be readily achieved in
the mid-IR spectral region). Therefore, graphene plasmonic tweezers may be
able to trap small nano-objects (tens of nm diameter).

In addition, working with graphene in the mid infrared range implies a few ben-
eficial side effects:
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• The mid-IR trapping light does not produce photoluminescence or fluores-
cence which may otherwise interfere with various optical characterizations of
the trapped objects.

• Graphene has a relatively high thermal conductivity, which facilitates removal
of the heat due to absorption of trapping light.

• Graphene is transparent in visible light thanks to its extremely small thickness,
which makes it more convenient to image trapped objects.

However, using graphene in a liquid environment is significantly more chal-
lenging than using metal. Indeed molecules of the liquid can be adsorbed by the
graphene, effectively doping it and altering its electrical and optical properties. Fur-
thermore, to avoid local heating in the confined electric field and allow a large qual-
ity factor, the liquid must have low absorption at the chosen mid-IR wavelength. A
suitable liquid must therefore be transparent at this wavelength (e.g. 10 µm) and not
interact with graphene. None of the mentioned conditions are respected for water,
as it is known to lead to doping of graphene [45], and have strong absorption in the
mid-infrared range [46].

The design of a graphene plasmonic tweezer consist of four main parts:

The graphene structure has to support plasmonic resonance mode featuring a
highly confined electric field. The position and frequency of the mode must
be tunable with an appropriate gate structure.

The gate structure has to provide electronic control over the position and strength
of the plasmonic trap. It should not alter the mid-IR excitation, nor the visible
observation.

The microfluidic platform must bring NPs close to the trapping position and be
compatible with non-polar solvent such as hexane and decane (transparent in
the mid-IR range)

The microscopic observation should provide real time visualization of the trap and
NPs.

5.4.1 Graphene structure

A large variety of graphene structures support tunable plasmonics resonances pro-
viding large field confinement. Such structures include ribbons[47, 48], disks[49,
50] and antidots[51, 52]. Among those type of structure, the Graphene Nano-ribbon
(GNR) is the most suitable for a conveyor belt type application. Indeed the plas-
monic resonance frequency of a graphene structure depends on the graphene carrier
density. The carrier density can be changed through electrostatic gating. Therefore,
if the structure is illuminated with a constant narrow band source, one can turn on
an off the resonance by changing the gate voltage. The specificity of the GNR in
this regard is that it can be locally gated to support a resonance only on a finite sec-
tion. This section defines the trap position, and can be continuously moved along
the GNR without modification of the excitation light.

We simulated the electric field distribution for a GNR with a non uniform carrier
density. The GNR is excited with a perpendicularly polarized plane wave. A 500 nm
long section has a Fermi energy E f g = 0.4 eV, representing the gated section, while
the rest has a Fermi energy E f 0 = 0.1 eV. The width and excitation wavelength are
chosen such that the GNR is resonant with a 0.4 eV energy level. Figure 5.14 shows
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Figure 5.14: (a): Schematic of the simulated structure. The GNR is
excited with a plane wave horizontally polarized. We use periodic
boundary condition in the plane of the GNR. (b): Field profile above

a GNR with a non-uniform Fermi energy as represented in (a).

the simulated field in a plane above the GNR. We see that this structure provide a
strong field confinement localized on the gated section.

The confinement provided from the GNR structure was shown to be sufficient
for stable trapping of a 50 nm dielectric particle with a refractive index n = 2.5[53,
54].

5.4.2 Gate structure

The carrier density of the graphene is tunable with electrostatic gating. Experimen-
tally, this is done by applying a voltage between the graphene and a conductor
placed ∼ 100 nm above or below the graphene. The graphene and the gate are
separated by an insulator. The gating only affects the graphene area close to the
conductor. Since the sample will be observed with a high numerical aperture ob-
jective, the observation and the mid-IR excitation cannot be on the same side of the
substrate. The mid-IR excitation is applied through the gate structure.

To create a conveyor belt structure where we can control the position of the
gated area, we will divide the gate in multiple insulated sections as illustrated in fig-
ure 5.15. However, this gate structure is made of conductive wires oriented along the
polarization of the excitation beam. Thus such a structure would completely block
the mid-IR beam and prevent optical excitation of the GNR. On the other hand, a
completely transparent gate structure would not be ideal either since it would allow
the potentially powerful mid-IR to propagate beyond the graphene structure and in
the liquid cell where it would heat up the liquid and create unwanted convection
movement.
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Figure 5.15: Gate structure subdivided to provide movable trapping
position. In this picture, the polarization of the mid-IR beam must be
horizontal to excite the GNR, hence this gate structure is opaque to

the excitation beam.

To provide efficient excitation from the mid-IR beam while preventing the beam
to propagate in the cell, we design a gate structure with sub-wavelength slots along
the GNR. Since the apertures are sub-wavelength, the structure has close to 100%
reflectivity. However, the GNR is excited by the evanescent field close to the aper-
ture. Figure 5.16 shows the simulated field profile of a GNR excited through a sub-
wavelength slot compared to a GNR directly excited by a plane wave. The FDTD
simulation shows that the local field enhancement provided by the slot actually en-
hances the coupling with the mid-IR beam compared to a gate structure with close
to 100% transmission, made of a gold rod aligned along the GNR.

Finally, the conveyor belt gate structure is illustrated in figure 5.17a. Before build-
ing a fully functional optical conveyor belt, we first have to experimentally demon-
strate graphene optical trapping. For the first proof of concept, the gate subdivision
in individually controllable sections is unnecessary. Hence the gate structure for the
proof of concept experiment is a gold plane with slots aligned with the GNRs, as
shown on figure 5.17b.

5.4.3 Device fabrication

To sum up the main characteristic of our device design:

• The substrate is CaF2 as it is highly transparent in the mid-IR.

• The graphene structure is made of 80 nm wide GNRs.

• The gate is a full gold plane with slots running along the GNRs.

• The gate is isolated from the graphene and contacts with a HfO2 layer.

• The GNRs are connected to a source and a drain for conductivity measure-
ment.
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(a) (b)

Figure 5.16: (a): Field profile of a GNR above a gold wire with close
to 100% transmission. (b): Field profile of a GNR above a nano-slot in
a gold layer. The field confinement above the nano-slot is more than

three times stronger.

A schematic of the device with all aforementioned components is represented in
figure 5.18a. The gate slots, GNRs, sources and drains are patterned with e-beam
lithography (see 2.2 on page 44 for detail on the lithography process).

The device is fabricated according to the following steps (figure 5.18b):

1. The process starts with a 0.5 mm thick CaF2 substrate.

2. Gold gate structure deposition, patterned with e-beam lithography.

3. HfO2 layer deposition.

4. Chemical Vapor Deposition (CVD) grown graphene transfer from a copper foil
substrate

5. GNR patterning with e-beam lithography and oxygen plasma etching

6. Gold contact structure deposition, patterned with e-beam lithography.

5.4.4 Graphene characterization

To proceed to the trapping experiment, we first need to characterize the conductivity
of the GNRs, and their optical resonance, depending on the gate voltage, and on the
surrounding medium.

Conductivity

For the conductivity measurement, we use a three probe station to connect the gate,
the source and the drain, we apply a constant source-drain voltage Vsd = 0.1 V, and
measure the source-drain current as a function of the source-gate voltage. The mea-
surment is done with increasing and decreasing gate voltage to take into account
any hysteresis effect. We also measure the source-gate current to monitor the possi-
ble leakage current.

Since the graphene is not under a protective layer, its conductivity is likely to be
affected by the surrounding medium. In the trapping experiment, the surrounding
medium will not be air, but a non-polar liquid such as hexane or decane. Since
hexane is non conductive and does not damage metallic probes, we simply repeat
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Figure 5.17: (a): Schematic of a gate structure compatible with the op-
tical conveyor belt. In addition to the gating purpose, this structure
protects the sample from the excitation source, and enhances the cou-
pling between the GNR and the excitation beam. (b): Schematic of
the gate structure used for the proof of concept experiment. The cou-
pling is further enhanced by taking advantage of the slots aperture

resonance.

the same measurement with a few drops of hexane covering the device. Neither the
probes nor the device are moved between the two measurements.

The measured currents are plotted in figure 5.19. Based on this measurement, we
conducted the following observations:

1. We are able to tune the graphene conductivity with the gate voltage.

2. The tunability is not disturbed by the presence of hexane.

3. There is a measurable hysteresis likely due to the charge trapping effect in the
imperfect CVD graphene[55].

4. Hexane increases the conductivity of the GNRs by about 10%, but slightly in-
creases the hysteresis.

To deduce the fermi energy level of the graphene from the conductivity measure-
ment, we need to compare its minimum at the charge neutrality point (CNP). Un-
fortunately, we were not able to reach a minimum of conductivity to measure the
CNP, as doing so would require applying gate voltages above 40 V, which is likely
to break the HfO2 insulating layer.

Mid-IR spectrum

Since the exact value of the Fermi energy is unknown, it is difficult to accurately
predict the resonance frequency of the GNR at a given voltage. Ideally, we need to



5.4. Graphene plasmonic tweezer 125

GNR

Back-gate

0.4eV
Source

Drain

(a)

CaF2 substrate

Gold gate

HfO2 layer

CVD grown graphene

Graphene nanoribbon

Gold contact

(b)

Figure 5.18: (a): Top view schematic of the fabricated device. The gate
is isolated from the other component with a HfO2 layer. The drain
and source contact serves for graphene characterization. (b): Step by

step schematic of the fabrication process.

know the value of the gate voltage Vsg such that the plasmonic resonance of the GNR
is at the frequency of the CO2 laser (λ = 9.32 µm).

We characterize the sample optical properties with a FTIR spectrometer (Brucker
Vertex 70v2) coupled with a microscope in reflection. The microscope uses a
Cassegrain type reflective objective, which allows for simultaneous FTIR measure-
ment and visible observation. Figure 5.20a shows a view of the sample from the
microscope, the white vertical rectangle represents the aperture used to limit the
area of measurement. This area covers 4 slots along one GNR. To get a reflection
coefficient, the reference is taken by shifting the sample horizontally, in such a way
that the aperture does not cover any slot, but still covers the contact structure.

To our knowledge, farfield measurements of the resonance of a single GNR in
the mid-IR do not exist in the literature. However, we used FDTD simulation to
calculate the reflection spectrum of the device for different graphene chemical po-
tential. Figure 5.20b shows the simulated transmission. We see a clear anti-crossing
behavior characteristic of the strong coupling regime[56–58]. We see in the reflection
spectra that when the resonance of the slot and of the GNR are far from each other,
the resonance of the slot is much more visible than the resonance of the GNR. In con-
trast when the frequencies are close, wa have two lines with intensity similar to the
slot alone. Therefore, if we can detect the resonance of the 4 slots, we should detect
the splitting when the GNR resonance frequency is close to the slot resonance.

2https://www.bruker.com/fr/products-and-solutions/infrared-and-raman/
ft-ir-research-spectrometers/vertex-research-ft-ir-spectrometer/
vertex-70v-ft-ir-spectrometer.html

https://www.bruker.com/fr/products-and-solutions/infrared-and-raman/ft-ir-research-spectrometers/vertex-research-ft-ir-spectrometer/vertex-70v-ft-ir-spectrometer.html
https://www.bruker.com/fr/products-and-solutions/infrared-and-raman/ft-ir-research-spectrometers/vertex-research-ft-ir-spectrometer/vertex-70v-ft-ir-spectrometer.html
https://www.bruker.com/fr/products-and-solutions/infrared-and-raman/ft-ir-research-spectrometers/vertex-research-ft-ir-spectrometer/vertex-70v-ft-ir-spectrometer.html
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Figure 5.19: Source-Drain current as a function of the gate voltage
with a constant source-drain voltage Vsd = 0.1 V, measured in air and
in hexane. The presence of hexane increases the graphene conductiv-

ity but does not disturb its tunability.

Figure 5.21 shows the measured reflection coefficient on an area covering 4 slots
(figure 5.20a). We see a clear resonance in the spectra around 850 cm−1. However,
we were not able to see any change in this spectrum when applying a gate voltage.
This is likely due to one of the following reasons:

• We were not able to bring the GNR resonance close enough to 850 cm−1.

• Alignment and slot shape imperfection, causing the coupling between the slots
and GNR to be weaker than expected.

• Imperfection in the GNR, resulting in a broader resonance.

5.4.5 Microfluidic sample holder

The sample holder is made of two copper slabs separated by a flexible ring, forming
a closed cell with optical, fluidic and electronic access (Figure 5.22). The bottom slab
features a 2” wide and 200 µm thick sapphire window, glued with epoxy. We chose
sapphire because of its solidity and high transparency in the visible range. This
allows us to have a window thin enough to be compatible with an oil immersion
high numerical aperture microscope objective. Additionally, sapphire is also mostly
opaque to mid-IR radiation, which protects the microscope objective from the CO2
laser beam. The top slab features (Figure 5.22c):

• A 0.5 mm thick CaF2 window, transparent in both the mid-IR and the visible
range, glued with epoxy.

• 2 fluidic accesses.

• Copper clips with Teflon screws to clamp the sample on the windows, electri-
cally connected to the main body of the sample holder.

• A connector for electrical connection between the sample and the outside of the
cell. The internal connections are soldered to gold coated glass slides glued to
the slab. The sample is connected to the slides with wire bonding.
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Figure 5.20: (a): Photograph of the fabricated device through the
optical microscope. The clear rectangle is an image of the aperture
through which the Fourrier-Transform Infrared (FTIR) spectrum is
measured. The aperture covers 4 slots aligned along 1 GNR. (b): Sim-
ulated reflection spectrum of the device for different graphene chem-
ical potential. The simulation predicts a strong coupling regime be-

tween the slot and GNR resonances.

5.4.6 Optical setup

Just like the THz tweezer, we build the mid-IR optical tweezer starting from the
OTKB modular optical tweezer from Thorlabs to take advantage of the provided
tool for observation and force measurement. However, in the case of the mid-IR
tweezer, the gate structure prevents transmission illumination. The schematic of the
complete optical setup is illustrated in figure 5.23.

Illumination: We implemented a reflective Köhler[33] illumination scheme. In a
reflective illumination, the objective lens also acts as a condenser lens. We use a
white LED coupled to a ground glass plate as a light source and a 50 mm focal
length lens to image the light source on the back focal plane of the objective
lens. The white light is injected in the main path with a 50% transmission
beamsplitter.

Mid-IR beam path: The excitation light source for the trapping experiment is a con-
tinuous wave CO2 laser emitting at a wavelength λ = 9.32 µm, with a power
up to 17 W. Due to the very large available optical power provided by the
laser, the focusing on the sample do not need to be extremely tight. The mid-
IR beam is brought to the tweezer with plane mirror and directly focused on
the sample with a 45◦ off-axis parabolic mirror with an effective focal length
EFL=50.8 mm.

Secondary optical tweezer: A near infrared laser beam (λ = 978 nm) is expanded
and injected in the main path with a dichroic mirror. It is tightly focused with
the high numerical aperture objective lens to create a Gaussian optical trap[2].
This secondary optical tweezer is identical to the one used for the THz optical
tweezer (see 5.3.4 on page 109).
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Figure 5.21: FTIR reflection spectrum of the area represented in fig-
ure 5.20a. The area covers 4 slots along a graphene ribbon. We were
not able to detect any change in the spectrum when applying a gate

voltage.

Fluorescence: We use fluorescence to help imaging small particles. We use a UV
(365 nm) LED source as excitation. This wavelength is compatible with dye
such as DAPI[59] and Marina Blue[60]. It is also ideal for the excitation of
fluorescent quantum dots (e.g. CdSe)[61]. The UV light is injected in the main
path with a dichroic mirror.

Observation: The experiment is imaged on a camera with a high numerical aperture
(NA=1.2) microscope lens and a 200 mm focal length lens. Near-IR and UV
filters are placed before the camera to remove residual light from the secondary
OT and the fluorescence excitation. We use a camera with a better sensitivity
compared to the one provided in the OTKB package.

5.4.7 Experimental results and next steps

The protocol for the trapping experiment is the same as for the THz optical tweezer
described in 5.3.5 on page 117. We use the same diamond particles treated with
OTS. We did not reach the demonstration of optical forces from the GNR, but we
identified several elements that needs to be improved to properly conduct the OT
experiment:

GNR characterization: As explained in 5.4.4, we did not succeed in measuring the
resonance frequency of the GNRs, which means we have no way to ensure the
existence of field confinement during the OT experiment. This point will be
addressed with one of the following method:

• Increasing the coupling between the slots and GNR to improve the FTIR
measurement. We will do so by using more slots and decreasing the HfO2
thickness.

• Mid-IR scattering Scanning Near-field Optical Microscopy (s-SNOM)
imaging of the GNR. s-SNOM imaging will be performed using a CO2
laser as an excitation source, in order to precisely localize the graphene
plasmon at the OT excitation wavelength[62–64].
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Figure 5.22: (a): Schematic cross section of the sample holder. The
sample is held in place against the CaF2 window with metal clips. The
top copper plate is shaped to facilitate mid-IR access at 45◦. Electrical
connections are not represented in this schematic. (b): Assembled
sample holder. (c): Inside view of the top plate with a mounted test
sample. The electrical connection is done with wire bonding with
the gold coated glass slides glued to the copper and soldered to the

external electrical connection.

Imaging and fluorescence: The visualization of small transparent particles like di-
amond is more difficult with reflection illumination than transmission. This
is why the fluorescence technique is particularly useful in this configuration.
However, if our system is capable of performing fluorescence imaging on par-
ticles without a device (figure 5.24), the photo-luminescence from the gold gate
structure makes the fluorescence unusable during the OT experiment. We will
adjust the excitation wavelength to avoid this issue.

Device material: The choice of CaF2 for the substrate material was in large part mo-
tivated by its transparency in the visible range. However, since we decided
on using a completely opaque gate structure, this criteria is no longer rele-
vant. Hence why the future device will be fabricated on high resistivity silicon,
which is also transparent in the mid-IR range. This change will make the fabri-
cation process much more reliable. Additionally, we noticed that CaF2 tends to
break easily under mechanical and thermal constraints compared to a silicon
substrate.
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Figure 5.23: Schematic of the optical setup, including the illumina-
tion, observation, mid-IR excitation, and fluorescence excitation.

Dispersion of the particle in hexane: Although the OTS surface treatment of the
diamond particle gets us a suspension of diamond hexane, this suspension
is still not nearly as stable as a suspension of untreated diamond in water. As
a result, the vast majority of particles in the cell get quickly stuck to surfaces,
and it particles rarely reach the trapping zone. Improving suspension stability
will greatly enhance the feasibility of the experiment. This remark is also valid
for the THz trap.

To conclude, we designed a graphene based optical conveyor belt for manipula-
tion of NP. We accomplished most of the preliminary work necessary for the project,
including the design and fabrication of a prototype device for the proof of concept,
assembly of the optical setup providing visualization, mid-IR excitation and a near-
IR secondary OT, and the design and fabrication of a fluidic platform to perform the
experiment. This project is still actively ongoing, and we have clearly defined the
next elements to work on to achieve the first proof of concept.
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Figure 5.24: Two optical images of the same spot in a cell without re-
flective device. (a): With only white light illumination. Only a reflec-
tive gold particle is visible. (b): With white light and UV illumination.

We see the fluorescence from CdSe quantum dots.
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Conclusion and perspectives

Overcoming the diffraction limit to enhance and investigate the interactions of light
with objects far smaller than the light wavelength brings up a lot of challenges, from
the visible to the Terahertz range. In particular, biological objects such as viruses or
large proteins are expected to have vibration mode in the THz range, but are orders
of magnitude smaller than THz wavelengths. In this thesis, we focused on a resonant
approach to confine a THz field in an arbitrary small volume. First we worked on the
single resonator itself, in order to understand its interactions with a propagative THz
wave, its near-field properties and most importantly, how it behaves when coupled
to a subwavelength object. Then, we tackled the application of field confinement to
THz-TDS of nano-objects through a single resonator, and optical trapping.

A SRR essentially behaves as a RLC circuit, and is therefore affected by the di-
electric permittivity of the material in its capacitor. Experimentally, the behavior
of the SRR is studied with a THz-TDS transmission or reflection measurement. To
keep a solid link between the measurement and the physical properties of the SRR
and its surrounding, we developed a model to describe the reflection and transmis-
sion coefficient of a single SRR on a substrate. This model is constructed under the
quasi-static approximation, which is valid for wavelengths much larger than the SRR
size. This model expresses the transmission and reflection coefficients from the ba-
sic properties of a RLC circuit, as well as the complex permittivity of the material to
which it is coupled, and how it is coupled. Taking a closer look at the particular case
of a SRR coupled to a material with its own resonance, we showed that our model
renders strong coupling. Taking the example of Glutamic Acid (GA), an amino acid
with a resonance at 1.2 THz in its crystal forms, we expect the strong coupling regime
to be within reach of our experiments.

Using the model as a guideline, we designed and fabricated SRRs specifically
thought to be used individually. We settled for a symmetric design with a single
gap in the center, and a loop on each side. We used FDTD simulations to study
how the different shape parameters affect the resonance frequency, the quality factor
and the far-field coupling directivity. Although we were not able to understand
the exact relationship between the shape of the SRR and its radiative losses, the
simulated far-field emission patterns show that the SRR mostly couples to the far-
field through the two continuous metal lines essentially acting as linear antennas. It
gives us a knob to adjust the directivity of the SRR by changing the distance between
the antennas, and adjust the quality factor by changing their lengths relative to the
resonance wavelength. About the fabrication, the e-beam lithography process is
reliable and we were able to fabricate SRRs with gaps smaller than 30 nm. Working
with single SRRs allows us to push our fabrication process to its limit and to use
more advanced fabrication processes such as Focused Ion Beam (FIB) ablation to
create even smaller gaps. Hence gap sizes down to the scale of single proteins are
feasible.

We experimentally validated the electric field distribution provided by the SRR
with s-SNOM. We showed that most s-SNOM systems are fundamentally unadapted
to image objects that act as antennas. Indeed, the excitation and detection in a
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s-SNOM system is directional. Consequently, the system is strongly affected by
changes in the directivity of the s-SNOM probe and sample. We proposed an alterna-
tive configuration to make s-SNOM compliant with samples affecting the directivity
of the probe. Nonetheless, we were able to produce an image of the resonant mode
for the first time in this frequency range. We confirmed the electric field concentra-
tion in the SRR capacitor.

We experimentally showed that spectroscopy on a single SRR is well within reach
of commercial THz-TDS systems, even in configurations allowing direct access to
the gap. We identified the delay drift during long acquisition to be a major source of
error in THz-TDS. We implemented a correction algorithm that proved to be essential
to take advantage of the full dynamic range of a THz-TDS system. We performed
spectroscopy on single SRRs from 275 GHz to 3 THz. Putting our SRR design to
the test, we reached exceptionally high quality factors up to 29.65. Although we
have not demonstrated strong coupling with GA resonance, we detected its presence
in the gap of a single resonator. Once we get rid of the destructive interference
in the substrate, improve the GA deposition technique, and identify the sources of
unwanted difference between a SRR measurement and a reference measurement, we
will be able to demonstrate strong coupling with a single GA crystal.

Finally, we investigated the possibility of using the field confinement provided
by SRRs to generate optical forces. According to our FDTD simulations, the elec-
tric field gradient induced by the resonance of a SRR is strong enough to generate
a stable optical trap, even with excitation power an order of magnitude lower than
the power of our THz laser source. We reached the same conclusion for the field
enhancement provided by GNR in the mid-infrared. For the experimental demon-
stration, we constructed an optical platform providing up to 30 mW of excitation
power, microscopic imaging, and force measurement. We developed a microfluidic
platform compatible with non-polar solvent, external THz excitation and observa-
tion with a short working distance objective. The behavior of micro-particles in a
non-polar solvent turned out to be much more challenging than we anticipated, as
they tend to stick to each other and to the container surface. We managed to substan-
tially hinder this behavior with surface functionalization, but further investigation
in surface chemistry is necessary to improve our microfluidic tools. Additionally,
We will make sure that the multiple reflections in the microfluidic cells interfere
constructively, and make most of the cell surface conductive to avoid build up of
electrostatic charge. Then, we will be able to properly measure the optical forces
from the THz optical trap.

To conclude, this work provided useful tools for the modelisation of resonators,
allowing the extraction of physical properties of material from a transmission exper-
iment. It also led us to practical guidelines to adjust the quality factor and directivity
of such resonators. We measured the first images of a THz photonic mode with s-
SNOM and introduced a new interpretation for near-field imaging of micro-antenna.
We developed an algorithmic tool to eliminate a major source of error in THz-TDS,
which allowed us to demonstrate THz spectroscopy on single SRRs on more than
a decade of frequency range, and detected record breaking amounts of material in
their gap. We explored the subject of non-polar microfluidic to take advantage of
micro-resonator field confinement to bring optical trapping toward the mid-infrared
and THz range.

I believe that the demonstration of the strong coupling regime is within very
close reach. Then, the future of this work will be multidisciplinary, as it will open
the way to spectroscopy on samples that were previously impossible to measure
individually in this frequency range, such as viruses, proteins or single 2D material
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structures such as graphene nano-ribbons. In addition to the tools developed here
for field confinement and spectroscopy, this requires physically manipulating objects
at the nanoscale and to understanding their surface chemistry. Nonetheless, THz
spectroscopy on a single protein is conceivable. Combining spectroscopy and optical
trapping, the hope is to observe the changes in the spectral properties of a biological
object while it is trapped with radiation close to its own resonance frequency.
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Appendix A

Optical torque

A.1 Torque calculation in the static approximation

In this part, the time derivative of the intensity is neglected. Let us
#»

T x,
#»

T y and
#»

T z be the three column vectors of the MST. The torque applied to the origin on an
infinitesimal volume is given by

#»T
dV

= #»r ∧
#»

F
dV

, (A.1)

where #»r = x #»u x + y #»u y + z #»u z is the position vector, therefore

#»T tot =

˚
V

#»r ∧ #»

F , (A.2)

in particular if
#»T tot = Tx

#»u x + Ty
#»u y + Tz

#»u z

Tx =

˚
V
(yFz − zFy), (A.3)

Tx =

˚
V
(y

#»∇.
#»

T z − z
#»∇.

#»

T y)dV. (A.4)

Using the following identity

#»∇(ϕ
#»

A) = (
#»∇ϕ).

#»

A + ϕ.(
#»∇.
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A), (A.5)

where
#»

A is a vector field and ϕ is a scalar field, one gets

y
#»∇ #»

T z =
#»∇(y

#»

T z)− #»u y.
#»

T z, (A.6)

thus (A.4) becomes
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)
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One can see from its definition (5.14) on page 102 that the MST is a symmetric tensor,
implying #»u y.

#»

T z =
#»u z.

#»

T y. Finally, with the divergence theorem

Tx =

‹
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(
y
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T z − z
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T y
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# »

dS. (A.8)
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And with the same reasoning

Ty =

‹
∂V

(
z

#»

T x − x
#»

T z

)
# »

dS, (A.9)

Tz =

‹
∂V

(
x
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T y − y
#»

T x

)
# »

dS. (A.10)

Which can also be written as

#»T =

‹
∂V

( #»r ∧ T)
# »

dS. (A.11)

Therefore the optical torque on a particle can also be numerically computed with
the Maxwell’s Stress Tensor (MST) known on a closed surface around it.

A.2 Torque calculation on an ellipsoidal particle

An ellipsoid in an electromagnetic field can also be modelled as an electric dipole,
but because of its anisotropic shape, the polarizability has to be expressed as a ten-
sor. Therefore the electromagnetically induced dipole #»p = α

#»

E and
#»

E are no longer
necessarily collinear, and therefore a torque is apply on the particle, unless

#»

E is an
eigenvector of α which is the equilibrium condition.

In the rest of this section, ( #»u x, #»u y, #»u z) is an orthonormal basis align with the
main axis of the ellipsoidal particle, since the material itself is isotropic, those axis
are also eigenvectors of the polarizability tensor [1]. This last is therefore a diagonal
tensor in this basis.

Let us consider an electric field

#»

E = E0

√
2

2
cos(ωt) #»u x + E0

√
2

2
cos(ωt + φ) #»u y, (A.12)

and a polarizability tensor

α =

αx 0 0
0 αy 0
0 0 αz

 . (A.13)

This electric field is linearly polarized if φ = 0, and circularly polarized if φ = ±π
2 ,

the polarization is otherwise elliptic. Assuming the particle is immobile, the torque
is given by
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thus
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#»T = (αx − αy)
E2

0
4

[cos(2ωt + φ) + cos(φ)] #»u z. (A.16)

Assuming that the period of oscillation is much shorter than the reaction time of the
system, the torque can be averaged in time

<
#»T >= (αx − αy)

E2
0

4
cos(φ) #»u z. (A.17)

According to this formula, the average torque on the particle with a circular polariza-
tion (φ = ±π

2 ) is zero. Nevertheless analytical and numerical works on the subject[2]
as well as recent experimental results [3] suggest that the torque should be non-zero
in this case , this could be due to an angular momentum transfer between the light
and the particle, which is not taken into account here since the modification of the
electric field from the particle is neglected.

A.3 Numerical torque computation

The FDTD software does not natively provide tools to compute the torque applied
on a particle. The tools can however be written with the force calculation tool as a
basis since the data used to get the force and the torque are essentially the same, and
the function can therefore be adapted quite easily.

A.3.1 Volumetric technique adaptation

Since the volumetric technique compute the force
#»

F ( #»r ) on every mesh of the vol-
ume, the torque applied to the origin on this mesh is

#»T ( #»r ) = #»r ∧ #»

F ( #»r ). This result
is then integrated on the whole volume to get the total torque.

A.3.2 MST technique adaptation

In the MST computation analysis group, the Maxwell Stress tensor is evaluated on
every cell of the cuboid surrounding the volume. The formula (A.11) on the preced-
ing page can therefore be used to integrate the total torque.

A.3.3 Test of the torque calculation

The torque calculation is tested with a prolate spheroid in a focused gaussian beam.
In that case the particle should be subject to a torque that leads it to align with the
polarization of the light if the particle is small in respect to the beam waist, or with
the propagation direction of the beam otherwise [2]. Thus a torque should be ob-
served with the main axis of the spheroid oriented with a 45◦ angle in respect to the
polarization axis. In this configuration, the torque given by both technique is nearly
identical and consistent with the expectation. The torque is directed such that the
particle would align with the polarization of the beam.
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