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Abstract

The proposed work is about the design of metasurfaces to work as sensing
devices in the terahertz band, for the detection of very thin films. Firstly, a deep
simulation study of the behavior of some metasurfaces and its performance as sensors,
using the commercial software CST Microwave Studio has been performed. Two kind
of structures have been studied: a labyrinth shaped metasurface with an intricate
geometry, and two different hole array metasurfaces with different substrate
thicknesses, in order to control de appearance of the anomalous extraordinary optical
transmission (EOT) resonance, and make a comparison between the regular and the
anomalous EOT. Parametric studies have been carried out varying the film thickness
deposited on each structure. After an initial statistical analysis, an experimental study
has been carried out, showing a good agreement with the numerical results. These
results demonstrate the excellent performance of these kind of structures in practical
thin-film sensing platforms, improving the results found in the literature.

Resumen

El trabajo propuesto trata sobre el disefio de metasuperficies en la banda de los
terahercios para su uso como sensores de peliculas muy delgadas. En primer lugar, se ha
llevado a cabo un estudio profundo de simulacion de varias metasuperficies y de su
actuacion como sensores, mediante el software comercial CST Microwave Studio. Se
han estudiado dos tipos de estructuras: una metasuperficie “laberinto”, con una
compleja geometria, y dos “hole arrays” con distintos grosores de substrato, con el
objetivo de controlar la aparicion de la resonancia correspondiente a la transmision
Optica extraordinaria (EOT), y hacer una comparacién entre la EOT regular y la
anomala. Se ha llevado a cabo un estudio paramétrico variando el grosor de la pelicula
depositada en cada estructura. Una vez realizado el estudio estadistico, se ha procedido
a realizar un estudio experimental, que muestra un buen acuerdo con los resultados de
simulacion. Estos resultados demuestran la excelente actuacion de este tipo de
estructuras en el sensado de peliculas delgadas, mejorando los resultados presentes en la

literatura.
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Chapter 1

Introduction and state of the art

1.1. The THz band

The Terahertz (THz) band is the region of the electromagnetic spectrum that lies
between microwaves and mid-infrared (MIR), and marks the separation between
electronics and photonics, as shown in Figure 1.1(a). The exact boundaries still generate
controversy according to the different fields of study, but following the classical band
definition of microwaves, the THz range falls between 0.1 and 10 THz, or from 3 mm to

30 pum if we talk in terms of wavelengths.
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Figure 1.1.. (a) Location of the THz band in the electromagnetic spectrum. (b) The
problem of generation. Power-frequency graphs of different sources in the THz band
[M. Navarro’s personal communication].

However, this band has not been as studied as other regions in the

electromagnetic spectrum and has been historically referred to as the “THz gap”, due to
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the lack of efficient generators and detectors at this range and the typically high loss of
materials at these frequencies. Indeed, due to the fact that we are working at these
frequencies the metallic parts of the structures must be modelled as metal with lower
electric conductivity than that used in bulky metals. This is due to the roughness of the
metal. At other frequencies such as microwaves this is not a worrying fact, since the
wavelength is much greater than the average roughness, and the wave does not see it.
However, in the THz band the average roughness is comparable to the wavelength, so is
necessary to model this fact by reducing the conductivity of the metal with respect to its

low frequency value.

Unlike radiation at higher frequencies such as infrared, or at lower frequencies
such as microwaves that are easy to generate and detect, THz waves generation and
detection is complex due to the fact that the detectors have low sensitivity and in some
cases need to work at cryogenic temperatures by the use of liquid helium. Furthermore,
the classical sources for both microwave and infrared suffer an important power

decrease leading to this technological “gap”, as shown in Figure 1.1(b).

Along the years, new generation techniques have been proposed, the great
majority of them based on frequency conversion, using Schottky diodes [1], or near-
infrared (NIR) lasers; optical mixing in non-linear crystals [2], or photomixing [3],
among others. There are also sources based on quantum cascade lasers [4], formed by
regularly repeated energy levels and capable of generating intrinsic THz radiation.
Other recent works have developed THz generation with the use of resonant cavities [5],
or even Fabry-Perot microresonators [6]. Thanks to the new advances, this spectral
range has opened a new field of study of great interest for researchers, due to the great
number of applications that have come to reality in numerous sectors, such as

communications, space, security, or medicine, among others [7], [8]. This interest has
4
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arisen mainly by certain peculiar properties available in this range, among which can be

mentioned:

e Unique absorption features of organic molecules that allow distinguishing them
from any other material, making possible the identification of dangerous
materials from non-hazardous ones, even having similarities in terms of

appearance.

e Ability to penetrate through materials with high resolution. This feature is used

at airports, in modern see-through-cloth radars.

e The larger bandwidth allowed by the THz carriers and the small antenna sizes

make this frequency range very interesting for communications.

e THz is a non-ionizing radiation, which is an advantage in medical diagnosis,

because of the non-harmful exposure to these waves.

1.2. Thin-film sensing at THz

In the last years, sensing has become one of the most interesting THz
applications, because many substances and materials exhibit molecular vibrations that
are unique in this range, leading to the proposal of new high-performance detection
devices. To date, several sensing platforms have been proposed, based on frequency
selective surfaces [9], spoof plasmons [10], or metamaterials [11], among others. One of
the biggest challenges of THz sensing is the detection of very thin samples, called thin-

films, which are not detectable by classical systems due to measurement uncertainty. As
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explained in a recent review [12], there are many cases where THz thin-film sensing

research is critical or even the only option, among which can be highlighted:
e When the amount of the sample to characterize is very small.

e When the easiest way to process the sample is in the thin-film form, such

as in the case of chemical or biological monolayers.

e When a thin-film sample has different properties from its bulk

counterpart.

e When the quality parameter such as the sensitivity is better using a thin-

film.

The objective of any sensing device is the identification of the presence of some
amount of analyte (a material, sample, or tissue that we want to characterize) in the
sensor, which should introduce some measurable change of the properties on the empty
structure. This change may be the frequency at which the resonance happens, or a
change in the amplitude, or any other measurable parameter. Resonant devices, such as
the ones studied in this work, typically experiment a shift in its resonant frequency (Af)

when an analyte is deposited on them.

The key parameters that allow us to quantity the performance of any sensor are
its sensitivity (S), and Figure of Merit (FOM). The sensitivity is a parameter defined by
the researcher, and hence there is not a universal definition. In any case, to be both
useful and meaningful it but must be defined in such a way that allows deciding whether
a sample can be detected unambiguously. In most thin-film applications the sensitivity
is usually defined as the ratio between the variation of the resonance wavelength and the

variation of the analyte thickness: S = AA/h,, in which case it is unitless. It is important
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to achieve a high sensibility to create a high quality sensor, but it is also important not
just having high values of sensitivity, but also narrow peaks that allow discriminating
the different resonances (see Figure 1.2). The FOM is a more accurate parameter to
evaluate the overall quality of a sensor, as it is defined as the ratio between the
sensitivity and the full width at a half minimum (FWHM), related with the width of a
pulse, in wavelength dimensions: FOM = S/IFWHM. A good sensor will present a high

sensitivity, and a narrow spectral line, leading to a high FOM.

Different sensing platforms have been proposed along the last years, including
waveguides, filters, resonators, and plasmonic structures. Metamaterials, or
metasurfaces (the planar version of metamaterials) are emerging as a revolutionary
alternative to the previously mentioned devices, due to the their simplicity and exciting

properties they offer in comparison with classical solutions[12].

10 GHz ,

Reflection coeff. (dB)

*(a)
170 180 190 200 210 220 140 170 200 230
Frequency (GHz) Frequency (GHz)

Figure 1.1. Reflection coefficient for two designs with different quality factor, (a) lower
sensitivity but higher FOM, (b) higher sensitivity but lower FOM.



Design of THz Metasurfaces for Thin-film Sensing

1.3. Metamaterials and Metasurfaces for sensing
purposes

The first metamaterial definition was suggested by Roger M. Walser in 1999 as

follows:

“Metamaterials are macroscopic composites having man-made,
three-dimensional, periodic cellular architecture designed to produce
an optimized combination, not available in nature, of two or more

responses to specific excitation.”

The term Metamaterial (MM) comes from the Greek world “meta” (meaning
beyond), and refers to materials that have properties not available in nature. These
artificially created materials have their origin in 1968, when Veselago proposed for the
first time a medium with negative values of both permittivity and permeability [13]. He
found that in this media the phase and group velocity are in opposite direction
(antiparallel) and the electric field (E), magnetic field (H), and wavevector (k) form a
left-hand triplet, which means that they follow the left-hand rule instead of the right-
hand rule characteristic of classical materials. This leads to interesting properties like

inverse Snell’s law (see Figure 1.3(a)), or inverse Doppler effect, among others.
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Figure 1.3. (a) Left-handed triplet and right-handed triplet representation, where E and
H are the electric and magnetic field respectively, and k the wavevector. (b) Schematic
of Snell's law in a media with positive refractive index and in a media with negative
refractive index.

Later, in 1999, Pendry proposed a subwavelength structure using non-magnetic
components, the Split Ring Resonator (SRR), with a strong magnetic response [14],
able to produce a negative permeability within a narrow frequency band around the first
resonance. The first experimental demonstration of metamaterials was carried out by
Smith in the year 2000, with the synthesis of a medium with both negative permittivity
and permeability [15]. This prototype was based on the combination of a matrix of
SRRs, with negative permeability; and an array of thin straight wires, with negative
permittivity. The combination of both elements presented a frequency response with a
peak of transmission. It was also in the year 2000 when Pendry revolutionized the MMs
research by proposing a lens with (ideally) infinite resolution, called Pendry’s lens, and
composed of a slab of negative refractive index material (with p = & = -1, where p is
the magnetic permeability, and € the dielectric permittivity). Another great landmark in
the history of MMs was the achievement of the invisibility cloak, by the development of
MMs able to deflect electromagnetic waves so that they do not interact with the
concealed object, making it invisible to the observer [16]. Even though the initial
studies had imperfections with bulky devices that targeted mostly the lower-frequency

part of the spectrum, principally microwaves [17], this has become a very interesting
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field of study, and recently there have been important advances, such as studies in the
visible spectrum using metasurfaces [18], [19]; or experimental demonstrations based in

ultrathin carpet cloaks for millimeter waves [20].

Although along the years this definition has evolved enormously, MMs are still
based on the idea of combining elementary particles with a desired electromagnetic
response to achieve properties beyond natural materials. In electromagnetism, materials
are characterized by their dielectric permittivity, &, and magnetic permeability, .
Depending on the sign of these parameters, we can distinguish among four different

classes of metamaterials, as shown in Figure 1.4:

e Double-positive metamaterials (DPS) or right-handed media: both ¢ and p
are positive. This leads to a positive refractive index, n > 0, and the vectors E,
H, and k form a right-handed triplet. Most of the dielectrics available in nature

can be categorized in this group.

e Double negative metamaterials (DNG) or left-handed media: both ¢ and p
are negative. This leads to a negative refractive index, n < 0, and the vectors E,
H, and k form a left-handed triplet. These materials have interesting effects,

such as inverse Snell’s law, or reverse Doppler effect, among others.

e Negative permittivity media (ENG): where ¢ is negative and there is no

propagation.

e Negative permeability media (MNG): where p is negative and there is no

propagation.

10
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ENG

No propagation

No propagation

Figure 1.4. Classification of materials in the permittivity-permeability plane (real part).

Metamaterials and more specifically metasurfaces (the planar version of
metamaterials) are becoming a revolution in sensing applications along the whole
electromagnetic spectrum and especially at THz [12], [21], [22]. Metasurfaces can be
defined as planar screens of periodic elements, generally metallic, designed to be
transparent (or not) in some frequency bands while reflecting, or absorbing, to others.
They are generally designed by assembling arrays of resonators whose size and spacing
between them are much smaller than the wavelength; and with geometric parameters
that can be modified to create a desired frequency response. This means that they can
easily be made resonant at THz frequencies by simply scaling them. By choosing the

materials of the substrate and the pattern properly, we can control the phase of the

11
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reflected, transmitted, or absorbed light at the interface between a host material (like air)

and the metasurface.

Each resonator used for the design of a metasurface usually exhibits a
Lorentzian resonance response when exciting it with an incident wave, what is
equivalent to the response obtained from a lumped RLC circuit, with the capacitance, C,
and the inductance, L, determined by the properties of the materials [12]. At resonance,
each resonator produces a high concentration of the electric field, producing a sharp
change in the spectral response, and highly sensitive to changes in the surrounding
media. This allows for a high sensitive detection even with minute amounts of analyte,

which means an important advantage to thin-film sensing analysis (see Figure 1.5).

(a) (b)

|1S21| (dB)

0.78 0.80 0.82 0.84 0.86
Frequency (TH2)

Figure 1.5. (a) Schematic of a cross-dipole metasurface with an analyte deposited on it.
(b) Transmission coefficient for the unit cell presented in (a) with (blue line) and
without (black line) analyte. Inset: high concentration of the electric field in the cross-
dipole presented in (a).

Thin-film sensors based on metasurfaces exploit the strong field concentration
existing in the gaps of the metallic patterns when the metasurface is at resonance with
the objective of being capable to detect in a precise way the amount of sample,
concentration, or thickness deposited. There are works in the literature that have studied

the effect of the metal [23] and substrate [24] thickness on sensing purposes. The first

12
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time that a metasurface was used was proposed by Driscoll to sense a silicon layer many

times thinner that the skin depth of THz radiation [11]. Since then, similar designs have

been studied [12], [22], [25]-[27]. The fabrication techniques such as lithography

permit the fabrication of limited thickness metasurfaces, allowing us to obtain designs

of a hundred of um thickness [22], [28], [29]. These devices are capable of detecting a

few hundreds of nm of analyte thicknesses, which usually saturates when depositing

dozens of microns [22], [30]. Some of the pioneering works with historical importance

are shortly described below:

In 2010, Tao and co-workers designed a SRR based planar THz metamaterial
working at 0.255 THz on an ultrathin silicon nitride substrate for biosensing
applications, and observed a frequency shift of 10 GHz when depositing a 1.5

um thick analyte [25].

In 2012, Sabah [26] achieved a 70 GHz shift with an analyte of 10 um using
circular and squared SRRs in with structures of quartz glass as substrate and Al

patterns, working at the frequency of 0.86 THz.

In 2015, Cong et al. designed a cross-shaped perfect metamaterial absorber with
a three-layer structure (silicon substrate, polyimide spacer, and aluminum
pattern), with a resonance at the frequency of ~0.7 THz to use it as a
refractometer with a 11 pum thick analyte [30], observing a maximum frequency

shift of 77 GHz, as is shown in Figure 1.6 (a).

The antennas group of this university also has experience in sensing at THz
using metasurfaces. A cross-dipole structure working at the THz band (0.8 THz)

was presented in 2016 [22] and its behavior as thin-film sensing and

13
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refractometer (see Figure 1.6 (b)) was studied. This work is also a continuation
of a final degree project [31], where various metasurfaces where designed and
simulated.

(a)
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Figure 1.6. (a) Schematic of a cross-shaped perfect metamaterial absorber and its use as

a 11 um thick analyte sensing. (b) Cross-shaped structure working at the THz band and
its use as refractometer.

1.4. Extraordinary Optical Transmission (EOT)

The extraordinary optical transmission (EOT) phenomenon was discovered for
the first time in 1998, when T. W. Ebbesen and co-workers were analyzing two-
dimensional arrays of circular apertures in metallic films. In this study, they found sharp

peaks in transmission at wavelengths as large as ten times the diameter of the holes

14
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[32]. They also noticed that these peaks of transmission took place in the cutoff regions
of the holes, and named the phenomenon as extraordinary optical transmission. In
2000, Avrustsky et al. found that EOT appeared in a structure with only periodic
corrugations [33]. The initial interpretation related the high transmittance peaks with the
coupling of the incident light to surface plasmons, but it was soon noticed that similar
peaks could be obtained assuming a perfect electric conductor model for the metal
which, obviously, does not support plasmons [34]-[36]. This opened the way towards
the replica of the phenomenon at frequencies in which metals do not follow a Drude
model (typical of the plasmonic approach), such as millimeter-waves [37] where metals
are usually described as good conductors with a high conductivity characteristic.
Nowadays, EOT has been found all along the electromagnetic spectrum demonstrating
that the phenomenon is general and not restricted to the infrared range [35], [36] and
giving rise to disruptive technological applications such as structural color pixels [38],
[39], metamaterial devices [40]-[42], etc. It is now well established [43], [44] that EOT
occurs in array of subwavelength holes perforated in metallic films (see Figure 1.7 (a))
where the periodicity is much larger than the diameter of the holes. The EOT
phenomenon refers to the appearance of peaks of transmission at certain frequencies
below cutoff when the polarization is parallel to the large periodicity which corresponds
to the regular EOT resonance. The EOT resonance happens when the distance between
the holes in the structure is comparable to the wavelength and is much larger than the
hole size. Additionally, if a rectangular cell is used and the structure is loaded with a
dielectric substrate these structures can also support transmission below cutoff for the
polarization parallel to the short hole periodicity, a phenomenon called anomalous EOT
[44]-[46]. This is shown in Figure 1.7 (b) where a peak of transmittance appears in the

cut-off region, before the minimum corresponding to a single anomaly, called Wood’s

15
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anomaly. This phenomenon was discovered by Wood in 1902, when studying a
continuous light source given by an optical metallic diffraction grating. He noted that a
null of transmission was observed when the magnetic field was parallel to the gratin

grooves [47].

(a) (b)
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Figure 1.7. (a) Schematic of a hole array structure. Dimensions: polypropylene
substrate height, h = 75 pum; unit cell vertical period, d = 350 um; hole diameter, a =
105 um. (b) Transmission coefficient of the hole array described in (a). Anomalous
EOT.

As discussed in [45], [48] the appearance of the anomalous EOT depends on the
dielectric slab characteristics (hpp and epp) as well as the large HA periodicity, d,. More
specifically, the anomalous EOT resonance cutoff can be calculated with the auxiliary
factor F = hpp\/(app-l)/dy. so that if F > 0.25, the anomalous peak will appear (see Figure

1.7(b)).

The high field intensity that arises near the subwavelength apertures at the EOT
resonance is particularly well-suited for sensing applications, since the characteristics of
substances placed near the hole array can shift strongly the resonance frequency. This

sensing ability was demonstrated by Brolo et al. in the visible spectrum using arrays of

16
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nanoholes in a gold film loaded with a monolayer of a solution of 11-
mercaptoundecanoic acid [49]. This result spurred the investigation on sensing devices
based on EOT hole arrays [50], [51], leading to a rapid evolution of the topic. It has
matured all over the years and nowadays one can find in the literature a high variety of
examples, some of them with advanced functionalities such as biosensors able to
provide a quantified measurement of biomarkers related with cardiac diseases in human
serum [52]; sensors combining nanofluidics and nanoplasmonics with a high throughput
even with small amounts of analyte [53]; and even sensing platforms similar to the
previous one, coated with group-specific antibodies to achieve a direct detection and
monitoring of viruses [54]. There are excellent reviews in the recent literature
accounting for the latest progress in this exciting and expanding topic, mainly centered
in the infrared regime, where EOT is combined with surface plasmons for enhanced
sensing platforms [55]-[58]. In this work, we have studied the anomalous EOT in hole
arrays. Due to its sharp resonance in comparison with the regular EOT, we believe that

can be suitable for thin-film sensing purposes.

17
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1.5. Outline

In this work different types of metasurfaces are presented and its behavior as
thin-film sensors is evaluated and compared with other devices found in the literature.

This document has been organized as follows:

e In Chapter 2, the material and methods used to carry out this work are

explained.

e Chapter 3 contains all the results of this work. This chapter is divided in
sections depending on the structure under study.
o In Section 3.1 a labyrinth metasurface sensor operating at the
THz band is presented, and its behavior as SnO; thin-film sensing
is numerically and experimentally evaluated and compared with
other works that can be found in the literature.
o In Section 3.2 two different hole array structures are designed,
both operating at ~0.85 THz. A comparison between the regular
and the anomalous EOT resonances is also presented and its

performance as thin-film sensing devices is studied.
e Finally, the conclusions of this study and future work in the field, along

with the bibliography used in this work and the author’s merits are

presented in the last chapters of this document.

18
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Chapter 2

Methodology

2.1. Numerical simulator: CST Microwave Studio®

CST Microwave Studio® (CST MWS) is an electromagnetic full wave
simulation software founded in 1992 by Thomas Weiland. It was an evolution of the
MAFIA packet software: “solving Maxwell’s equations using the Finite Integration

Algorithm”, introduced in 1977, based on the Finite Integration (FIT) technique [59].

CST MWS contains several solvers to best suit a given problem class (transient
solver, frequency domain solver, eigenmode solver, resonant solver, integral equation
solver, asymptotic solver, and TLM solver). To solve the electromagnetic problem, the
simulation domain is first divided in small cells, wherein Maxwell’s equations are
solved. The program offers different meshing options, being the main ones hexahedral
and tetrahedral mesh. With the hexahedral mesh, the whole simulation domain is
divided into small cubes (either uniform or of varying size) whereas with the tetrahedral
mesh, only the objects are divided in small tetrahedrons and the rest of the simulation
domain is left unmeshed. Due to the intrinsic features of each mesh type there are some
fundamental differences. The most relevant difference for this project is that hexahedral
meshes do not conform to material jumps whereas tetrahedral ones conform to solid-
boundaries and consequently to material jumps. The mesh influences the accuracy and

speed of the simulations. Small mesh cells usually lead to more accurate solutions but at

19
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the expense of increasing the computation time and vice versa. Regarding hexahedral or
tetrahedral performance, generally hexahedral meshes take shorter simulation time,
whereas tetrahedral meshes are more accurate with the presence of small or curved
dielectric solids. For these reasons, it is difficult to give a general statement of which
mesh is better for a given problem class. Therefore, the software offers different mesh

types depending on the solver type used.

Regarding the type of solvers available in CST, the frequency domain solver is a
general purpose simulator. It delivers electromagnetic near- and far-fields as well as S
parameters, among other electromagnetic parameters. Although the transient solver also
delivers broadband frequency results like S parameters, the frequency domain solver is
preferable for the calculation of electrically small structures or with high Q-value. It can
work with hexahedral or tetrahedral meshing, although the latter is usually preferable.
The frequency domain solver is also ideally suited (in fact, the only choice in CST) for

periodic structures.

In this work, all the problems under study are based on planar periodic
structures, so all simulations in this work were performed using the frequency domain
solver. To model the structure as an infinite array, the regime of Floquet ports and unit
cell boundary conditions applied to the designed unit cell was employed. A fine
tetrahedral mesh was applied to resolve properly the details of the metallic patterns used
in the structures under study as well as the fine analyte layer used to measure the
sensing capability of the sensors proposed. The metallic patterns as well as the ground
planes (when used) were modelled as aluminum (Al) with electric conductivity op =
1.5 x 10" S/m. The more than twofold conductivity reduction versus to the bulky

aluminum (3.6 x 107 S/m) is explained by the inherent roughness of metallic parts. The

20
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dielectric substrate was modelled as polypropylene (PP) with different thicknesses
depending on the case of study with a dielectric permittivity, epp = 2.25 and loss
tangent, tandpp = 0.001. The analyte used in the labyrinth structures was modelled as a
thin layer of tin dioxide (SnO2), with permittivity at the operation wavelength, esno2 = 4,
and variable thickness from 24 nm to 350 nm. Additionally, the analyte used in the hole
array structures was modelled as a dielectric of variable thickness from 3 um to 13 um

and a complex permittivity shown in Figure 2.1.
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Figure 2.1. Measured frequency response of the complex analyte permittivity, with
error bars: real (blue, left axis) and imaginary (red, right axis) components.

2.2. Experimental measurements: ABmm VNA
analyzer

For experimental measurements of the fabricated metasurfaces the Vector
Network Analyzer (VNA) MVNA-8-350-4 available in the Antennas Group -
TERALAB of UPNA has been used. This analyzer covers the frequency range from 8

GHz to 1 THz, and it measures the complex, (or vector) impedance in the millimeter
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and sub-millimeter frequency domain. The detection system includes a tunable

microwave source and a detector, frequency stabilization unit, data acquisition and data

processing system. It provides both the amplitude and phase of the transmitted and

reflected signal. The MVNA used in this work is shown in Figure 2.2 (a).

(b)

RX

Elliptical

X

D.C.

------------------------ A mirror

Antenna

Sample

Figure 2.2. (a) UPNA’s MVNA-8-350-4. (b) Scheme of MVNA operation in reflection

configuration.

The measurements of the labyrinth metasurfaces were performed in the D-band

of the millimeter-wave spectrum that extends from 110 to 200 GHz. The principle of

operation can be described as follows (see Figure 2.2(b)): a vertically polarized pure

Gaussian beam is transmitted by a corrugated horn antenna, with a beam radius of 12.9

mm. A pair of elliptical mirrors is placed in the beam path to collimate the beam at the

location of the sample. Then, the beam is reflected back to the mentioned elliptical
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mirrors. In this case, the reflection configuration was employed, so that the source
antenna also works as the receiver for the reflected signal. This is possible by using a
directional coupler that steers the signal to the receiver. Before measuring the sample, it
was necessary to calibrate the system. The calibration in the reflection configuration
was done by removing the sample from the sample holder and placing a mirror instead.
The sample was carefully placed at the proper phase plane by adjusting the z position

with a precise micrometer screw.

Measurements of the hole array structures

The transmission spectra of the hole array structures were measured with a custom-
made THz time-domain spectrometer (TDS) developed in the Laboratory of
Informational Optics at the Institute of Automation and Electrometry SB RAS
(Novosibirsk, Russia). The THz-TDS schematic is shown in Figure 2.4. The setup
utilizes a compact femtosecond Er-doped fiber laser combined with a second harmonic
generation module (Toptica Photonics, Germany), which delivers the average power of
80 mW at 775 nm and 130 fs pulse duration. Laser radiation is split into two beams:
90% to pump an interdigitated high power multi-slit dipole antenna iPCA-21-05-1000-
800-h (Batop GmbH, Germany), and 10% to probe the THz radiation with a
conventional electro-optical sampling technique [60], [61]. A voltage generator
modulates the THz radiation at 8§ kHz by switching the antenna’s voltage (=15 V). The
emitted THz waves are collimated into the beam with a diameter of about 15 mm by an
off-axis parabolic mirror and then focused by a similar mirror into the (110) cut 2-mm
thick ZnTe crystal with an antireflection coating optimized for the wavelength of 775
nm. The reference frequency of the lock-in amplifier is locked to one of the voltage

generator. Custom-developed software records the waveform of THz pulses by
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controlling the optical delay line and receiving the signal from the lock-in amplifier.
The developed THz-TDS covers the spectral range of 0.1-2.5 THz, while its dynamic

range exceeds 75 dB at the frequency of 0.3 THz.

Voltage Generator |----------- »| Lock-in Amp
. | A
: : -
iPCA' Y '
at \d
' |
- N

f—l

Glann ZnTe Wollaston .@

Optical Delay Line Prism Prism
Ballanced Detector

Figure 2.4. Schematic of the THz time-domain spectrometer. Red lines — laser
radiation; green — THz radiation; black line with arrows — translation stage travel
direction; dashed lines with arrows — electrical signals flow direction.
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2.3. Manufacturing techniques

Fabrication of the labyrinth metasurfaces

The metasurface was lithographically patterned in a 0.4 um thick aluminum (Al) layer
sputtered on the PP film 50 um thick via a vacuum thermal deposition method. Prior to
sputtering, the PP film was treated with a glow discharge in argon atmosphere to
improve adhesion of Al to PP. For patterning we employed a contact photolithography
technique, which was specifically adapted to flexible solid film substrates, such as PP,
whose industrial production does not allow obtaining a liquid phase suitable for
posterior film deposition via spin coating [62]. After photolithography, a continuous
aluminum layer 0.4 um thick was sputtered on an unpatterned side of the PP film to

form the ground plane layer of the metasurface.

The metasurface dimensions were chosen from the conditions imposed by our

fabrication and instrumental capabilities, as explained below:

e The widths of metallic lines and inter-line gaps in the metasurface pattern were
required to fall within the range of 10+2 um.
e The free-space wavelength A of the fundamental absorption resonance for the

metasurface was made as large as possible without exceeding 2.5 mm.

Analyte deposition and thickness characterization: labyrinth metasurfaces

The metasurfaces were pretreated with oxygen plasma and then coated with SnO,
thin films by sputtering [63] using a DC-sputter coater (Quorum Emitech K675XD,
from Quorum Technologies Ltd.) with a partial pressure of argon of 8 x 102 mbar and a

current intensity of 90 mA. The SnO2 target used was purchased from Plasmaterials,
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Inc. (99.9% purity). The deposition times were incrementally changed in order to
fabricate thin films with different thicknesses. The thickness of the SnO2 thin films

were measured experimentally by a profilometer (DeltaXT, from Brucker).
Fabrication of the hole array metasurfaces

For manufacturing the PP-film-backed hole array structures, a standard contact
photolithography technique (CPhLT) described in [62] was utilized. CPhLT was
specifically adapted to flexible solid PP substrates, whose industrial production does not

allow obtaining a liquid phase suitable for posterior film deposition via spin coating.

The main stages of PP-based CPhLT are illustrated in Figure 2.3. Fabrication
starts from tight mechanical fixation of the PP film on the bearing glass wafer (1) with
the outer dimensions of 102x102 mm. The PP film is further treated with a glow
discharge in argon atmosphere and then metalized by 0.4 um thick aluminum via a
thermal vacuum deposition method (2). The metallization procedure is followed by spin
coating a positive photoresist film 0.6 um thick, which is then air dried and thermally
treated in a thermostat at 90°C (3). After putting the photoresistive layer into a hard
contact with a structure’s “positive” photomask represented by a quartz wafer with a
patterned ferric-oxide-film (4), the photoresist is exposured to monochromatic UV-
radiation (A=365 nm) through the photomask (5) to create a latent image, which
topological micro-pattern replicates the micro-pattern of the photomask. The latent
image is further chemically developed in the solution of potassium hydroxide, which
removes the irradiated (transparent) areas of the photoresist (6). Subsequent hardening
of the developed photoresist by compressed air drying and thermal treatment at 120°C
(7) forms the firm resistive mask, through which the Al-layer is further chemically

etched by inorganic solvents (8). After removing the hardened resistive mask by its
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dissolving in an organic solvent (9), the PP film with a fabricated metalized micro-
pattern of the desired structure is separated from the glass wafer (10). At the final
fabrication stage the hole array structure is tightly tightened onto a ring-shaped

aluminum holder with the clear aperture diameter of 50 mm (11).

1. Film fixation 2. Surface 3. Deposition & fixing 7. Hardening ac
on the wafer metallization of (+)-photoresist of Al °C g
" oibs s g . mank the reslative mask of the resistive mask
4. Putting into 11. Tightening onto
6. UV-exposure hard contact with an annular holder
%’ ll):tvolrilunont of pl FsS 10. Separation
ot image ia the phot k
in photoresist Viathe photamas from the wafer

13977 S R <2

Figure 3.3. Fabrication stages for PP-film-backed THz-FSS by contact
photolithography (an example of the SRR structure is shown).

tA-O

&

CAQ =50 + 80 mm

27



Design of THz Metasurfaces for Thin-film Sensing

Chapter 3

THz metasurfaces sensors

3.1. Labyrinth structures

In this section a labyrinth metasurface sensor operating at the low-frequency
edge of the THz regime is presented. This intricate shape leads to a high electric field
confinement in the surface of the structure, leading to ultrasensitive performance, able
to detect samples of the order of tens of nanometers at a wavelength of the order of
millimeters (i.e. 5 orders of magnitude larger). The sensing capabilities of the
metasurface are evaluated numerically and experimentally by covering the metallic face
with tin dioxide (SnO2) thin films with thicknesses ranging from h, = 24 nm, to h, =
345 nm. A redshift of the resonant frequency is observed as the analyte thickness
increases, until reaching a thickness of 20 um, where the response saturates. Our
strategy is based on the convoluted geometry of a labyrinth-shaped micro-pattern that
improves the field concentration all along the metasurface and not only at discrete spots,
unlike the sensors based on canonical periodic structures. This shift from meta-atoms to
more elaborated meta-geometries allows the detection of exceedingly thin dielectric
samples deposited on top of the metasurface, with thickness and thickness increments in
the nanometre scale at an operation wavelength in the millimetre scale. Hence, the
developed sensor is able to discern films as thin as ~10"°Ao, with Ao the free-space

operation wavelength.
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Design and measurement of the empty structure

The unit cell of the labyrinth metasurface absorber with relevant dimensions as
well as a microscopic image of the fabricated structure is shown in Figure 3.1(a) and (c)
respectively. The metasurface consists of a triangular-lattice array of convoluted-shaped
apertures manufactured as a continuous aluminum layer lithographically patterned on a
polypropylene (PP) slab with uniform back metallization (i.e. ground plane (GP)). Each
elementary aperture is designed as a center-connected strip element having 120°
rotational symmetry. The choice of PP is explained by its small loss tangent value (tand
~ 1x107%) in the THz domain that enables enhancing the Q-factor of the metasurface
absorber [64] and therefore maximizing the FOM of the metasurface sensor (which is

proportional to the Q-value [65]).

(a) (b)
d
h,
y Yy,
L. .
“hep

Figure 3.1 (a) Front view and (b) cross-section of the metasurface unit cell. In (a) the
analyte has been omitted for clarity. Dimensions: d = 231 pm, ha = 0.4 um, hpp = 50
pum, t = 8.9 um, w = 11.1 um, hy = 24 nm; 58 nm; 108 nm; 345 nm. Metallization is
shown in grey. (c) Microscopic image of the labyrinth pattern on the PP substrate. The
red dotted lines delimit the boundaries of the elementary convoluted-shape aperture
used for creating a periodic metallic pattern of the metasurface.
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Originally, the labyrinth metasurfaces were developed for using without the GP-
layer and were intended for filtering applications in diagnostic systems of millimetre-
wave radiation generated in schemes with free-electron masing [66], [67] and electron-
beam-induced emission from hot magnetized plasmas [68], [69]. The metasurface
pattern was designed to fix the transmission passband near 75 GHz and achieve at the
same time strong suppression around 150 GHz combined with the requirement of
maintaining a super-stable spectral characteristic under oblique illumination (Figure
3.2). As it is known, the angular stability of a resonance in any periodic array improves
when the resonance frequency frs occurs far below the onset of the first diffraction
order fgirr, 1.e. when fes << fgisr. In this regard, triangular lattices outperform square-
lattice solutions given that fa can be V2/3 times higher. This is why a metasurface with
a triangular unit cell was selected. The actual metasurface dimensions indicated in
Figure 3.1 were chosen from the conditions imposed by our fabrication capabilities (see
supporting information) and the aforementioned requirements on the filtering

performance of the GP-free metasurface.

The underlying design principle for such metasurfaces is based on the fact that
the convoluted geometry of the metallic strips and the inter-strip gaps noticeably
increases their total length within the metasurface unit cell compared to non-convoluted
geometries. From an equivalent circuit perspective [70], [71], this factor considerably
augments the effective lumped inductance L and capacitance C of the structure and,
therefore, induces a much more noticeable redshift of its resonant frequency fres
according to the relation 27tf.es = 1/(LC)Y. As a result, a 20-fold reduction of the central
frequency of the fundamental passband (fes = 75 GHz) relative to the onset of the first
diffraction order located at fgi = 1500 GHz (assuming normal incidence) is achieved,

yielding excellent angular stability as shown in Figure 3.2 .
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Figure 3.1. Simulated spectral transmittance of the GP-free 50um-PP-backed labyrinth
metasurfaces in a bilayer multiplex (non-interference) configuration at different angles
of incidence 6. To avoid inter-layer interference the indivual metasurfaces are inclined
in mutually orthogonal planes with respect to the impinging wave. The resulted
transmittance of such a bilayer structure is evaluated as a product of the single
metasurface transmittances for TE- and TM-polarizations that is plotted here.

Prior to analyzing the sensing performance of the labyrinth metasurface in the
absorber regime (i.e. after adding the GP-layer), we will analyse first the metasurface
absorber without any analyte on top assuming normal incidence and both vertical and
horizontal polarizations. As the GP blocks any transmission, we will only consider the
reflection coefficient — both copolar and crosspolar components — in the following. We
start the study with the lossless case, green curves in Figure 3.3. As shown there, the
reflection coefficient magnitude is nearly 1 (solid green) all along the spectrum, except
at f = 137.6 GHz where a small cross-polarization peak appears (dashed green). When

losses are considered, a sharp resonance dip appears at f; = 135.3 GHz (solid blue
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curve). The dip is caused by energy dissipation in the metasurface (which occurs mainly
in the convoluted metallization) and not by cross-polarization of the reflected wave, as
demonstrated by the low magnitude (less than —49 dB) of the crosspolar reflection
coefficient magnitude (dashed blue curve). It is to be noticed that the absorption
resonance is positioned near the stopband resonance of the GP-free metasurface, i.e.
almost doubly exceeding the central frequency of 75 GHz of its fundamental passband
(Figure 3.2). This is explained by the fact that the near-unity absorptivity for any
metasurface absorber patterned on an electrically thin GP-backed dielectric layer can be
attained only at frequencies where the impedance of the patterned layer is capacitive
[64], [72]. Unlike the conventional meta-absorbers with electrically isolated metallic
elements (e.g. patches) forming the top patterned layer whose low-frequency impedance
is always capacitive, the labyrinth pattern considered here consists of electrically
connected convoluted metallic stripes whose impedance at low frequencies is
fundamentally inductive. The capacitive component in the stripes’ impedance, however,
becomes dominant over the inductive one above the passband (but below the stopband

resonance) that allows fulfilling the absorber criterion.

Regarding the absorption performance of the structure, it should be noticed that
a bare PP substrate has low dielectric losses and is very thin in terms of wavelength
(Ao/44). The full-wave simulations show that in the absorber configuration this feature is
kept: the energy is dissipated mainly via ohmic currents induced in the metallic layer of
the labyrinth pattern. This effect is illustrated in Figure 3.4 (a) where the fractional
losses referred to the labyrinth pattern and the PP film are calculated as the functions of
the normalized frequency, f/fo. Furthermore, the response is independent of the wave
polarization (the same happened for the lossless case). This was examined numerically

by tracking the metasurface reflectance upon changing the E-field orientation angle for
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the linearly polarized wave. The polarization angle varied from 0° to 90° with an
increment of 10°. As seen from the results presented in Figure 3.4 (b), the metasurface
spectrum remains unchanged at any polarization angle, which is an enormous advantage
for sensing purposes. Therefore, we will hereafter assume only vertical polarization for

all the upcoming calculations without loss of generality.
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Figure 3.2. Reflection coefficient magnitude of the free-standing labyrinth metasurface
absorber shown in Fig. 3.1. Lossless (green) and lossy (blue) scenarios are considered
for both copolar (solid) and crosspolar (dashed) cases.
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Figure 3.3. (a) Fractional power dissipation (in %) vs. the normalized frequency f/fy for the
labyrinth metasurface absorber. Blue line: losses in metallization. Green line: losses in PP
substrate. (b) Referred to the normalized frequency f/f,, spectral reflectivity of the labyrinth
metasurface absorber plotted as a function of the polarization angle for the impinging wave.
Linear scale, normal excitation.
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Design and measurement of SnO2 thin film sensor

Once the characteristics of the designed structure in the absence of analyte have
been studied, the sensing capability of the metasurface is evaluated by coating the
labyrinth face with different thicknesses, from 24 nm to 350 nm, of tin dioxide (SnO,)
thin films, whose permittivity is & ~ 4 at the operation wavelength[73], [74]. The SnO,
coatings were prepared by the sputter-deposition technique[63]. The experimental
characterization was carried out with an ABmm™ Vector Network Analyser (VNA)
MVNA-8-350-4 equipped with a quasioptical bench working in the reflection
configuration. More information about the samples preparation and experimental

methodology can be found in Chapter 2.

In Figure 3.5 is plotted the absorbance for several thicknesses of the SnO; film:
ha = 24nm (1.1x107°X); 58 nm (2.6x107°A); 108 nm (4.9x10°Ag); 345 nm
(15.6x10°Ag), numerical simulations in panel (a) and experimental measurements in

panel (b).

From this figure it can be observed that a redshift of the resonance takes place
when the analyte thickness increases. We also find that there is a good agreement
between the numerical results (panel a) and the experimental measurements (panel b) in
all the cases except when having an analyte thickness of h, = 345 nm, where the
displacement obtained in the experimental measurements is a bit larger than the one
obtained on the numerical results. In any case, a maximum frequency shift of 4.89 GHz
is obtained for the numerical results, and a maximum shift of 7.65 GHz is obtained for
the experimental measurements, as shown in Table 1. From these results we can also

obtain the wavelength shift as the analyte thickness is varied, displayed in Figure 3.6
(a).
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Figure 3.4. (a) Simulated and (b) experimentally measured spectra of the reflection
coefficient for the labyrinth metasurface absorber under normal incidence and different
analyte thicknesses.

It is noteworthy the extreme sensitivity of the labyrinth structure, able to
discriminate differences in SnO, thickness of less than 25 nm even for a relatively low
dielectric constant. In terms of the operation wavelength this means that the sensor is
able to detect variations of only ~1.1x10"°%, very much beyond the state-of-the-art
sensing platforms which achieve, in the best case [25], a value around 1.7x10 *Ao. This
is even more remarkable if one notices that the analyte does not fill completely the
groove between metal strips, as sketched in Figure 3.1(b). We performed an additional
simulation study increasing the analyte thickness and found that the response saturates

when the thickness is nearly 20 um (0.0094o) whereas for ultrathin analytes (h, <
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10 um) the response is approximately linear. As a side comment, we can observe in the

experimental curve of the sample with h, = 345 nm a small dip arising at 147.5 GHz.
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Figure 3.5 (a) Wavelength shift as a function of the analyte thickness for extremely thin
analytes, simulation (blue) and measurements (red), calculated as AL = Aa—Ao, With A,
the resonance wavelength at each h, and Ao the resonance wavelength without the
analyte. (b) Idem for more general analyte thicknesses, to show the saturation of the
response (only simulation).

fres
h, (nm) (GH2) Ares (Mmm)  Af (GHz)  AA(um)
0 135.3 2.217 - -

_ 24 134.79 2.226 0.51 8.39
Numerical 58 134.28 2.234 1.02 16.84
results ' ' ' '

108 133.56 2.246 1.74 28.89
345 130.41 2.300 4.89 83.14
0 136.5 2.198 - -
24 135.65 2.212 0.85 13.77
Experimental 58 135.35 2216 1.15 18.67
results
108 133.85 2.241 2.65 43.51
345 128.85 2.328 7.65 130.49

Table 1. Behavior of the designed labyrinth metasurface for different analyte
thicknesses. Numerical and experimental results.
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We can quantify the performance of the sensor more formally by calculating its
sensitivity (S) and FOM. As said in Chapter 1, the sensitivity relates the variation of the
resonance wavelength with the variation of the analyte thickness: S = Ai/h, where
AN =Aa— Ao With A, the resonance wavelength at each h, and Ao the resonance
wavelength without the analyte. Note that in refractometer applications the variation of
the refractive index is also included but in our case we do not need to do this, as our aim
IS to detect only thickness variations. For the sake of completeness, a detailed
comparative study of the sensor performance with other works in the literature using
other sensitivity definitions is presented in the next sections. The FOM is defined as the
ratio between the sensitivity and the full width at half minimum (FWHM) in wavelength
dimensions: FOM= S/FWHM. A high FOM ensures a good resonance shift with analyte

variation along with a narrow spectral line, avoiding overlap between different curves.

The values of the Sensitivity and FOM for the designed structure are presented
in Table 2. They reach significantly high values both in simulation and measurement. In
the experiment the maximum is obtained for h, = 108 nm, where the sensitivity is ~ 870
and the FOM is ~ 4485 nm™. In the numerical results, the values are slightly lower,
reaching a sensitivity of ~578 and a FOM of ~3027 nm™. These values are much
higher than those found in the literature with similar fabrication techniques as the
method used in this work, as it can be seen at the comparison made in the upcoming

sections.
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ha (nm) Sensitivity FOM [nm™]
Sim Exp Sim Exp
24 346.67 569.07 2028.66 3613.28
58 498.3 552.47 3027.77 4297.43
108 578.07 870.77 3558.51 4485.84
345 349.98 549.27 2351.44 4131.40
A\‘/’;rjge 443.25 635.39 27416 4181.98

Table 2. Sensitivity and FOM for each analyte thickness for the sample described in the
main text calculated as S = AA/h, and FOM = S/FWHM. Both simulation (Sim) and
experimental (Exp) values are presented.

This excellent sensing performance of the labyrinth structure can be explained
by its intricate geometry that provokes a strong electrical coupling between adjacent
metallic strips. In very subwavelength structures, such as the one considered here, the
electric field is strongly confined near the surface, so we can achieve high sensitivity to
slight changes of the thickness of the thin-film layer deposited on top. To get a clearer
view, we have obtained the electric field distribution of this structure at both sides of the
labyrinth. As shown there, the field pattern is approximately symmetric at both sides of
the metallization. Therefore, although there is indeed some field concentration inside
the substrate, the field in the air interface is able to interact closely with the analyte.
This is corroborated in Figure 3.6 (b) where it is shown that the saturation is reached for
an analyte thickness of around 20 um. Moreover, while in other sensing platforms the
electric field starts to vanish at significantly larger distances, in the labyrinth structure
the electric field starts to decline at only 5x10*A (corresponding to ~1 pm away from

the metasurface outer face), where the magnitude of the electric power decreases to the
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half (see Figure 3.7). Note that if we use denormalized values for the x-axis in panel (b),
the value 0.01o, corresponds to 25 pm, which is the thickness where the response starts
to saturate (see Figure 3.6 (b)). This highlights the importance of the electric field

confinement for sensing purposes.
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Figure 3.6. (a) Amplitude distribution of the electric field (absolute value) along the z
axis at different distances (L, normalized to the operation wavelength) from the
labyrinth metasurface absorber. (b) Normalized power vs. distance at the point indicated
by a cross in the inset.

From all the above, it is clear that the labyrinth metasurface is quite promising

for high sensitivity sensing applications. To ascertain its full technological potential, we
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perform a repeatability study, using different metasurface samples, as well as a
comparative analysis with other structures present in the literature to evaluate the
performance in comparison with the state-of-the-art. These will be the topics treated in

the following sections.

Study of an alternative prototype

In order to prove the repeatability of our measurements, we performed a
complete study of another labyrinth sample (sample 2) by coating it with the SnO,
analyte of thicknesses different than those used in the previous section (we will call this
sample 1). The design of the unit cell is the same as the one shown in Figure 3.1, with
the same PP substrate. It has to be noted that, due to fabrication tolerances, the labyrinth
pattern of sample 2 has slightly different dimensions: t, = 8.2 um, w, = 11.8 um, instead
of the values obtained in the sample 1, t = 8.9 um, w = 11.1 ym. As the rest of
parameters remain unchanged, the study of the empty metasurface can be omitted this
time, as the behaviour is similar to the one of the sample 1. Figure 3.8 illustrates the
sample’s reflectivity for several thicknesses of the SnO, film ranging from h, = 100 nm
(4.55%10-5X1p) to h, = 250 nm (11.4x10-5X,) with a step of 50 nm, numerical

simulations in panel (a) and experimental measurements in panel (b).

From the results shown in panels (a) and (b), one can trace a red shift for the
reflectivity resonance when increasing the analyte thickness. Again, we can observe a
good agreement between the numerical and experimental results in all the analyte
thickness, except for a displacement in the resonance of the empty structure, which
takes place at the frequency of 135.63 GHz in the numerical results, while in the

experimental ones it takes place at 137.1 GHz. Leaving aside this small discordance, the
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maximum displacement obtained in the numerical results is 2.67 GHz, while in the
experimental results this shift is 2.98 GHz (see Table 3). The quantified values of this
shift are displayed in Figure 3.9 (a). As reported in panel (b), the response saturates
when the thickness approaches nearly 20 um what repeats the result obtained with the
sample I (see Figure 3.6 (b) in the main section). In total, the experimental data plotted

in Figure 3.8 and Figure 3.5- demonstrate good repeatability of the measurements.
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Figure 3.7. (a) Simulated and (b) experimentally measured spectra of the reflection
coefficient for the labyrinth metasurface absorber (sample Il) under normal incidence
and different analyte thicknesses.
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Figure 3.8. (a) Wavelength shift as a function of the analyte thickness for extremely
thin analytes, simulation (blue) and measurements (red), calculated as AL = Aa—Ao, With
Aa the resonance wavelength at each h, and A, the resonance wavelength without the
analyte. (b) Idem for more general analyte thicknesses, to show the saturation of the

response (only simulation, sample II).

WO (G (GHy M)

0 135.63 2.212 0 0
Numerical 100 13437 2233 1.26 20.74
results 150 133.65 2.245 1.98 32.77
200 132.96 2.256 2.67 44.42

0 137.10 2.188 0 0
Experimental | 100 13521 2219 1.89 30.59
results 150 134.81 2.225 2.29 37.13
200 134.12 2.237 2.98 48.68

Table 3. Behavior of the designed labyrinth metasurface for different analyte

thicknesses. Numerical and experimental results.
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We now calculate again the quality parameters, sensitivity and FOM: S =

AMh,, FOM = S/FWHM. The values obtained are shown in Table 4. As before, the
values reached in the experimental results are higher than those obtained in the
numerical results. In the experiment the average sensitivity is ~265 and the average
FOM is ~ 1926 nm™. In the numerical results, we have an average sensitivity of ~216
and an average FOM of ~1444 nm™. Although these values are a bit lower than those
obtained in the main structure, they are still higher than those found in other works in

the literature, demonstrating the repeatability of our designed metasurfaces.

ha (nm) Sensitivity FOM [nm-1]
Sim Exp Sim Exp
100 207.41 305.89 1304.48 2257.52
150 218.46 27.57 1418.57 1793.96
200 222.08 243.42 1609.34 1725.13
Average 215.99 265.63 1444.13 1925.54
value

Table 4. Sensitivity and FOM for each analyte thickness for the sample described in the
main text calculated as S = AA/h, and FOM = S/FWHM. Both simulation (Sim) and
experimental (Exp) values are presented.

Comparing sensitivity with alternative sensors

As said in the introduction chapter, sensing with metasurfaces has become a very
interesting research field and there are many examples of metasurfaces working as
sensors in the THz band. Although these examples work well as sensing platforms, they

usually suffer from a relatively poor performance achieving small sensitivity values
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compared with our design. Recently, new fabrication techniques have pushed forward
the field by allowing the creation of nanogap structures [75], [76] able to achieve values
of the sensitivity of the order of 4400 [75], at the expense of requiring a relatively
complex manufacturing procedure. In this section we are doing a comparison with the
two best structures found in the literature that use the same fabrication techniques as in
our case, see Figure 3.10. Panel (a) shows the schematic and the electric field response
of a square SRR metasurface designed by H. Tao et al. in 2010 [25], panel (b) shows
two kinds of SRR metasurfaces designed by Sabah et al. in 2012 [26], and panel (c)
shows a cross-shaped perfect metamaterial absorber proposed by Cong et al. in 2015
[30]. As it can be observed in Table 5, the maximum FOM amongst these works is 118
nm™, much lower than the values achieved by our structure (note that we have different
results than the ones presented in the references due to our method to calculate the

sensitivity and FOM).

(b) (c)
H(-y)
= ‘TE(\)
9
k(-z)
IE Analyte
“norm of the electric field at resonance” v
Max : :
X ! .
 gge® h=18 pm
—y— Silicon
Min

Figure 3.9. Schematic of designs presented in other Works: panel (a) extracted from
Ref. [25], panel (b) extracted from Ref. [26], and panel (c) extracted from Ref. [30].
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Analyte Permittivity  Sensitivity (max.) FOM (max)
[nm™]
Ref. [30] 2.56 4 -
Ref. [25] 3.61 80 -
Ref. [26] 2 3 118
This work 4 578 3558

Table 5. Comparison of different values of sensitivity and FOM achieved in different
works, calculated as S = AA/h, and FOM = S/[FWHM. FOM could not be obtained in
some cases due to the impossibility of extracting the FWHM from the plots.

To perform a more detailed comparison between these works, we use two
alternative sensitivity definitions of the sensor, as specified in Ref. [25] and Ref. [30] S1
= Af(%)/(nsh,), and S2 = Af(%)/h,. Here, Af (%) = 100(f, — fo) / fo with f, the resonance
frequency at each ha and f, the resonance frequency without the analyte, n, = Ve, is the
analyte refractive index and h, is the analyte thickness. With these definitions, it is
possible to compare sensors of alternative designs operating in different spectral bands,
and using analytes with varied electromagnetic properties. The results of sensitivity
comparison are given in Table 6. As can be observed, our results still are better than

those obtained in other works, even using other sensitivity definitions.

Sensitivity #1 (max.) Sensitivity #2 (max.)
[%onm™] [%onm™]
Ref. [30] 5.07x10™ 1.01x10°
Ref. [25] 6.76x10° 1.28x107
Ref. [26] 3.88x10™ 7.75x10™
This work 1.29x1072 1.76x10”

Table 6. Comparison for different values of sensitivity and in different works, where
S#1 = Af(%)/An-hy [nm™], and S#2 = Af(%)/ha [nm™].
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Performance with lower permittivity

Note that in the studies that can be found in the literature, the analyte typically
has a relatively low permittivity (see Table 5), in contrast with our study where g = 4.
This may be one of the reasons why our sensitivity and FOM results are so high in
comparison with the state-of-the-art. To perform a fairer comparison with previous
works, a simulation analysis using an analyte of lower permittivity: & = 2.56 (n = 1.6)
was done using our designed structure. In Figure 3.11 (a) is plotted the metasurface
reflectivity as the analyte thickness varies from h; = 100 nm to h, = 400 nm, with a step
of 50 nm. Derived from these results, the relative wavelength shift versus the analyte
thickness is displayed in panel (b). With these conditions, a maximum frequency shift of
3.3 GHz is achieved, as shown in Table 7. We calculate the sensitivity and FOM
following the same method of the main section of this chapter (S = A\/h, and FOM =
S/IFWHM). With these numbers, we obtain the maximum sensitivity value of 184 and
FOM of 1322 nm™ for h, = 100 nm. As we can see, these values are still quite higher

than those found in the other works.
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Figure 3.10. (a) Simulated reflection coefficient of the labyrinth metasurface absorber
under normal incidence for an analyte with permittivity e, = 2.56 and different analyte
thicknesses. (b) Wavelength shift as a function of the analyte thickness for extremely
thin analytes, calculated as AL = A,—Ao, With A, the resonance wavelength at each h, and
Ao the resonance wavelength without the analyte.

h, (nm) fres (GHZ)  Ayes (MmM) Af (GH2) AA(m)
0 134.5 2.230 0 0
100 133.4 2.249 18.39 1.1
150 132.96 2.256 25.83 154
200 132.52 2.264 33.33 1.98
250 132.08 2.271 40.87 2.42
300 131.64 2.279 48.46 2.86
350 131.4 2.283 52.62 3.1
400 131.2 2.287 56.10 3.3

Table 7. Behaviour of the metasurface presented for an analyte with permittivity g, =
2.56 and different analyte thicknesses.
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3.2. Hole array structures. EOT

In this section various hole array metasurface sensors operating at the THz
regime, and a comparison between the regular and anomalous EOT, are presented. The
high field intensity that arises near the subwavelength apertures at the EOT resonance is
particularly well-suited for sensing applications, since the characteristics of substances
placed near the hole array can shift strongly the resonance frequency. Two polarizations
are used in the study: parallel to the large period of the structure (dy), which corresponds
to the regular EOT resonance excitation; and parallel to the short period of the
metasurface (dx), which, under the appropriate conditions gives rise to the anomalous
EOT resonance. The aim with this strategy is to have a case very far away from
supporting the anomalous EOT resonance and another structure very near the condition,
so that a small change provoked by an analyte substance can give rise to the anomalous

EOT peak.

The performance is then guantitatively evaluated by depositing thin layers of a
dielectric analyte on the structures, to obtain both the sensitivity and the FOM. The
study concludes with a quantitatively comparison of the results obtained using the
regular and anomalous EOT resonance regimes and demonstrate that the optimal case is

when we use anomalous EOT and deposition on the non-patterned side.

Design of the empty structure

As shown in the unit cell representation of Figure 3.12 (a), the metasurfaces
studied in this work consist of a periodic array of circular holes etched on an aluminum
layer of thickness t = 0.5 um and conductivity ¢ = 1.5x10” S/m (note that the nominal
conductivity of aluminum is reduced due to roughness), laying on a polypropylene (PP)
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slab with permittivity epp = 2.25, delta tangent factor tans~ 1x10° and two different
thicknesses hpp =50 and 75 um. The relevant dimensions of the unit cell are
dx = 115.5 pm, dy = 350 pm and hole diameter a = 105 um. Two polarizations are used
in the study: parallel to the large period of the structure (dy), which corresponds to the
regular EOT resonance excitation [37]; and parallel to the short period of the
metasurface (dy), which, under the appropriate conditions, gives rise to the anomalous
EOT resonance [45], [48], [77]. The sensing performance of the metasurfaces is
evaluated by depositing a photoresist material of variable thickness (from 3 um to 13
um) on them, either on the PP or the HA side. Its complex permittivity is plotted in

Figure 3.12 (d).

(@)

02 04 06 08 1.0 12
Frequency (THz)

Figure 3.11. (a) Front view and (b), (c) cross-section of the metasurface unit cell,
showing the metallization (gray), PP substrate (blue) and analyte (red). Deposition of
the analyte is done on the HA (b) and PP (c) faces. Dimensions: dy = 115.5 pm, d, = 350
pum, a = 105 pm, hpp = 50; 75 pum, t = 0.5 pm, h, = 3; 7; 10; 13 um. (d) Measured
frequency response of the complex analyte permittivity, with error bars: real (blue, left
axis) and imaginary (red, right axis) components.
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Comparing regular and anomalous EOT

Before characterizing the sensing performance of the fabricated HA metasurface,
the study begins by analyzing the response of an ideal lossless structure. Thus, the
metallic parts are modelled as perfect electric conductors with zero thickness and all
dielectric materials are described only by a non-dispersive real permittivity with values
gp = 2.25 and & = 2.65. Both vertical and horizontal polarizations are considered in
order to excite regular and anomalous EOT, respectively, and ascertain which of the two
options offers the best results for sensing purposes. As discussed in [45], [48], and
explained in the introduction chapter, the appearance of the anomalous EOT depends on
the dielectric slab characteristics (hpp and &pp) as well as the large HA periodicity, dy.
More specifically, the anomalous EOT resonance cutoff can be calculated with the
auxiliary factor F = hpp\/(gpp-l)/dy , SO that if F > 0.25, the anomalous EOT peak will
appear. In this initial study the thickness of the PP substrate is fixed to the value
hpp = 78.25 um so that F = 0.25 and hence the anomalous EOT is exactly at cutoff. On
the other hand, the regular EOT resonance exists even in absence of a dielectric
substrate, so for this study just a free-standing structure without PP substrate is
considered. As shown in Figure 3.13 (a) and (b) (black line) in absence of analyte, the
regular EOT resonance takes place at 0.81 THz, whereas the anomalous EOT resonance
occurs at 0.84 THz. To evaluate the performance of each resonance in label-free thin-
film sensing applications, a dielectric slab acting as analyte with permittivity & = 2.65
and thickness ranging from h, = 3 pm (8.5x10-34o, where Ao is ~0.35 mm) to 15 pm
(42.9x10710) with a step of 3 um is added on top. In the anomalous EOT study, the
analyte is put on external face of the PP substrate, whereas, obviously, in the regular

EOT case (free-standing) the analyte touches the holey metal. As the analyte thickness
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increases, the transmission peak redshifts for both resonances, see Figure 3.13.
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Figure 3.12. Transmission coefficient for the regular EOT (a) and anomalous EOT (b)
of the structure under study.

To have a quantitative assessment of the behavior, the wavelength shift is plotted
as a function of h, in Figure 3.13 panels (a) and (b). Comparing both plots, and looking
at the results in the Table 8, it is clear that the shift is stronger for the regular resonance,
suggesting at first sight that this regime is more appropriate for sensing purposes.
Nevertheless, to clarify this aspect a formal evaluation of the performance in terms of
sensitivity and FOM is carried out and represented in Figure 3.14. The average
sensitivity is equal to the slope of the regression lines in panels (a) and (b), and the
FOM is shown in panels (c) and (d). With these values, we find that the regular EOT
configuration is slightly better than the anomalous EOT in terms of average sensitivity:
2.04 vs. 1.19. However, the FOM shows that the anomalous EOT is clearly superior to
the regular EOT resonance, with an average value of 153.7 mm™. This is much higher
than the value of 45.4 mm™ calculated for the latter and is due to the comparatively
narrower FWHM of the anomalous EOT resonance. With these results, it can be
affirmed the anomalous EOT presents a better behavior for sensing purposes than the

regular EOT, improving the FOM by a factor of more than 3.
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Figure 3.13. (a) Wavelength shift as a function of the analyte thickness for extremely
thin analytes, for the regular EOT resonance, calculated as AL = X,—Ao, With A, the
resonance wavelength at each h, and A, the resonance wavelength without the analyte.
(b) Idem for the anomalous EOT. FOM as a function of the analyte thickness, for the
regular EOT (c) and for the anomalous EOT (d).

ha (um) Af(GHz)  AA(um) S FOM (mm™)
0 0 0 - -
3 16.35 7.574 2.52 62.25
Regular 6 25.85 12.120 2.02 45.42
EOT 9 35.25 16.726 1.86 38.65
12 44.25 21.243 1.77 35.37
15 59.35 29.063 1.94 23.03
0 0 0 - -
3 8 3.387 1.13 141.16
Anomalos 6 16.45 7.034 1.17 147.28
EOT 9 25.1 10.847 1.21 159.40
12 34.15 14.922 1.24 166.99
15 42.9 18.949 1.26 181.11

Table 8. Behavior of the simulated metasurface for different analyte thicknesses.
Regular and anomalous EOT results.
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Designed Hole Array sensor

After this initial study, we concentrate now on the analysis of the designed and
fabricated HA metasurfaces. As the aim here is to evaluate in depth the performance of
the anomalous EOT resonance as a sensing platform, two different substrate thicknesses
are used hpp =75 um (Figure 3.15) and hpp = 50 um (Figure 3.16), that correspond to
F=0.24 and 0.16, respectively. The first case is chosen to have the anomalous
resonance very near cutoff, so that a slight change provoked by an analyte can give rise
to a strong spectral variation. Conversely, in the second case the anomalous EOT
resonance is deeply in cutoff and we do not expect a sharp response, at least with thin
analytes. The sensing performance of the structures is evaluated by depositing four
different analyte thicknesses: h, =3 um (8.5x1074g,); 7 um (19.8x10°4g); 10 pm
(28.3x10%10); and 13 pm (36.8x10%%y). Numerical results are shown in the upper
panels (a), (b), (e), (f); and experimental measurements on the lower panels (c), (d), (9),
(h) of Figures 3.15 and 3.16. To have a complete picture of the performance, two
different scenarios were considered: analyte deposited on the HA side and on the PP

side, schematically depicted in Figure 3.12(b) and (c).

Focusing first on the horizontal polarization (anomalous EOT), we find that the
transmission coefficient without analyte (h, =0) shows in all considered cases clear
resonant features at ~0.85 THz, with a very good agreement between simulation and
measurement, see black curves in Figure 3.15. Although in the case of the 75 um thick
PP film [Figure 3.15 (a)-(d)] the anomalous EOT resonance is slightly below cutoff, it is
close enough so that it gives rise to a high transmission peak followed by a null in the
spectrum. This is in contrast with the behavior of the 50 um thick PP film [Figure 3.15

(e)-(h)] that shows only a local maximum (a “kink”) with reduced amplitude (~0.5), as
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expected [45], [48], [77]. Now, as the analyte thickness increases, the optimal scenario
is when the analyte is deposited on the PP side of the hpp = 75 pum thick metasurface
[Figure 3.15 (a), (c)], with an average sensitivity of ~0.8 (~1.24) and an average FOM
of ~28.6 mm™ (~46 mm™) in the experimental (numerical) results. This is in agreement
with our analysis above, since depositing on the PP side is equivalent to increasing the
dielectric thickness (as a side comment, note that the peak amplitude decreases as h,
increases due to the growing ohmic loss because, unlike the previous study, we are
considering here a lossy and dispersive analyte. Note also that this effect is more
evident in the simulation than in the experimental results, probably because in the
experiment the characteristics of the analyte might differ between successive
depositions and, in addition, it is rather difficult to have a proper characterization of
metal and dielectric losses). When the analyte is deposited on the HA side [Figure 3.15
(b), (d)] the frequency shift of the anomalous EOT resonance is negligible, rendering
this configuration ineffective for sensing purposes. As explained in [45], two different
anomalous EOT peaks can be excited independently by placing dielectric slabs on both
sides of the holey metal, if this metal is thick enough. In the configuration considered
here, the analyte slab is too thin and hence unable to excite its own anomalous EOT
resonance (i.e. F << 0.25 in that side). This is why in the spectral response we only see
the peak corresponding to the PP slab, which is largely insensitive to the analyte

deposition on the other face.

For the 50 um PP thick structure with analyte deposited on the PP side we find
that the “kink” becomes narrower and its amplitude grows faintly as h, is enlarged, see
Figure 3.15 (e), (g). This is because we are approaching gradually, but never reaching
cutoff, even with the largest analyte thickness. In practice, this means that it might be

feasible to perform sensing by looking at the peak amplitude variation. At least in
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simulation [Figure 3.15 (e)] this looks viable, but it seems virtually impossible in the
experiment [Figure 3.15 (g)], probably due to fabrication tolerances, and the growing Q
factor of the resonance that increases ohmic loss. When the analyte is placed on the HA
side [Figure 3.15 (f), (h)] we notice a negligible frequency shift but, interestingly, a
clear amplitude increment of the kink. This enhancement in the transmission coefficient
Is associated with a better impedance matching of the structure. From the specialized
literature [70], it is known that the optimal operation of frequency selective surfaces and
spatial filters is achieved when both faces of the metallic film are coated with dielectric
slabs of identical characteristics. In this case, increasing the analyte thickness leads to a
better matching of the impedance seen at both interfaces, giving as a result a higher
peak amplitude. This way, it is possible to define a new sensitivity, referred to as
Amplitude Sensitivity (AS) and calculated as the ratio between the variation of the
amplitude at the resonant frequency and the variation of the analyte thickness: AS =
AA/h,. With this definition, we get experimentally AS = 0.02 pm™. Note that in this

case it is impossible to define a FOM, due to the inexistence of a valid FWHM.

Next, vertical polarization (regular EOT) is considered, just for comparison
purposes, see all results in Figure 3.16. In this case, the response is very similar
regardless the PP thickness, as this parameter is not critical for the performance (in
contrast to anomalous EOT). Therefore, we will study both cases, hp, =50 and 75 um,
in parallel. The first difference we observe in the spectral response in comparison with
the previous study is that there are two resonance peaks, at 690 and 847 GHz. Each peak
is related with the EOT resonance principally at the PP and air interfaces [78].
Therefore, depositing the analyte on the PP side mainly shifts the low frequency peak
and depositing on the air side mainly shifts the high frequency peak. Although in the

simulation both peaks can be potentially employed for sensing purposes, in the
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measurement only the low frequency resonance presents noticeable shift. Furthermore,
the structure with h,p, = 50 um has a better performance in practice, probably due to the
thinner substrate, which is further from the saturation point of the maximum achievable
frequency shift. Consequently, we only select the cases highlighted with a dotted circle
for the calculation of the sensitivity and FOM as these are the ones in which we can
appreciate a frequency shift enough to use the structure as a sensing device, and we
have a good agreement between the simulated and measured results. Note that in the
case of the second resonance when depositing on the HA side, the FOM cannot be

calculated due to the low magnitude of the peak.

To ease the comparison, all the values of the cases of interest extracted from the
experimental measurements are collected in Table 9. As shown there, although the
sensitivity in the anomalous EOT case is below the regular EOT case, the FOM is much

higher in agreement with our initial study.
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Figure 3.14. Transmission coefficient magnitude at the anomalous EOT regime in HA
metasurfaces with hpy = 75 pm (a)-(d) and hy, = 50 pum (e)-(f) pm under normal
incidence and different analyte thicknesses: hy = 3 um (red); 7 pm (green); 10 um (dark
blue); 13 um (cyan). Simulated (top) and measured (bottom) results.
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Figure 3.15. Transmission coefficient magnitude at the regular EOT regime in HA
metasurfaces with hy, = 75 pm (a)-(d) and hy, = 50 pum (e)-(f) pm under normal
incidence and different analyte thicknesses: h, = 3 um (red); 7 um (green); 10 um (dark
blue); 13 um (cyan) for the anomalous EOT. Simulated (top) and measured (bottom)
results.

Resonance | hy, (um)  Analyte side S FOM (mm™)
PP 0.8 28.6
75
HA - -
Anomalous PP ) ~
50
HA 0.02 um™* -
PP - -
75
HA . -
Regular
PP 1.2 12.9
50
HA 1.85/0.68 ** 16.6/—

Table 9. Comparison of different values of average sensitivity and FOM achieved in the
different configurations shown in Figures 3 and 4, experimental results. *Note that in
this cases we are referring to the amplitude sensitivity, AS = AA/h,.**The first/second
number refers to the first/second resonance
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Conclusions and future work

Conclusions

58

In this work, we have demonstrated that sensing in the THz region using
metasurfaces provides interesting results. Two different structures have been
designed, manufactured, and studied and we have proved the good sensing

performance, improving the previous results found in the literature.

We have reported here a labyrinth metasurface which operates in the near-to-
unity absorptivity regime at the low-frequency edge of the THz spectrum and
exhibits extreme FOM and sensitivity to thin film detection, exceeding largely
the results found in the literature by a factor of 30, if we compare our work with

similar structures.

The metasurface sensor investigated in this work operates at relatively long
waves (Ao ~ 2.2 mm) that potentially allows one to employ more compact and
less expensive field-oriented millimetre-wave instrumentation than it is required
for higher-frequency THz spectral measurements. We foresee these results as a
proof-of-concept that could be extended in the future to biological sensing,

where thin-film samples become essential.



Design of THz Metasurfaces for Thin-film Sensing
We have demonstrated the superior performance of a HA metasurface when it
operates at the anomalous EOT resonance, exceeding largely the results obtained
at the regular EOT in label-free thin-film sensing applications. Although the
frequency shift and hence the sensitivity of the anomalous EOT resonance is
smaller than those of the regular EOT resonance, its comparatively narrower

FWHM leads to an increment of the FOM.

Two HA metasurfaces of different PP thicknesses have been fabricated and
measured to analyze the effects on the sensing quality parameters depending on
the side in which we deposit the analyte under measurement. We have
demonstrated that, for thick enough substrates, sensing in the anomalous EOT
and depositing on the non-patterned side of the metasurface is a much better
option with lower sensitivity but a higher FOM magnitude and brings the
additional advantage that in routine operation the structure can be cleaned

without damaging the metallic pattern.

Additionally, we have found an alternative for thin-film sensing based on a
variation of amplitude. This can be used when the substrate thickness is too thin
to exhibit the anomalous EOT peak and takes place when the analyte is
deposited on the patterned side of the metasurface. These results demonstrate the
excellent performance of the anomalous EOT resonance in practical thin-film

sensing platforms.
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Future work

As future work, it would be interesting realize biological sensing using designed
devices. The proposed approach constitutes an important step toward the fabrication of
high sensitivity thin film sensors and could be extrapolated towards biosensors able to

detect biological samples such as bacteria, proteins, or DNA, among others.

Although the labyrinths have turned out to have an interesting geometry to
perform sensing, there are many other geometries that could be used to create new
devices. This is the case of the so-called space filling curves, such as those of Peano or

Hilbert, or fractal structures.
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