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Design of THz sensors based on metasurfaces

Abstract

The proposed work is about the design of sensors in the terahertz band, for the
detection of thin films, and microorganisms, in particular fungi. Firstldeep simulation study
of the behavior of some metasurfaces and its performance as sgnssing the commercial
software CST Microwave Studio has been performed. Three kind of structures have been
studied: first, a crosdipole structure, then a holarray structure, and finally, a densely
packed frequency selective surfaces in two different configurations (transmission and
reflection). Parametric studies have been carried out varying the concentration of
microorganisms or the film thickness depositeth each structure. The optimization of
structures with better prospects for biosensing applications have been undertaken. Once the
statistical study of these structures was finished, an experimental study of the most promising
ones has been carried out, ing the instrumentation available in the TERALARe results
demonstrate the promising perspectives of THz sensing based on metasurfaces.

Resumen

El trabajo propuesto trata sobre el disefio de sensores en la banda de terahercios para
la deteccion det GyK AT A £ Y& é @& Yeh GaNi@uRrNEHoygasaEn pramEr lugarhse
realizadoun estudio profundo de simulaciéon del comportamiento de varias metasuperficies
para su uso como sensores de deteccion de invasiones fungicas, mediante el software
comercal CST Microwave Studidres tipos de estructuras han sido estudiadas: en primer
f dz3 | NE -RIA/LIWIONEA 33 SIdzAR2 RS dzy aK2fS | NNJ &¢
frecuencia, en dos configuraciones diferentes (transmision y reflex®ahan realizado
estudios paramétricos variando la concentracion de microorganismaggosor de analito
depositados sobreadaestructura. Seha acometidola optimizacion de las estructuras con
mejores perspectivas en la aplicacion de biosensado. Una vezadeakt estudio estadistico
de dichas estructuras, un estudio experimental de las mas prometedoras, usando la
instrumentacién disponible en el TERAU#Bsido realizadoLos resultados demuestran las
prometedorasperspectivaglel sensado ddHzbasado en m&superficies.
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Design of THz sensors based on metasurfaces

1. Introduction and state of the art
1.1. THz technology

The terahertz (THz) band is the region of the electromagnetic spectrum that lies
between microwaves and fanfrared. The exact bound&s are not clearly defined yet and
still generate controversy. Following the classical band definition of microwaves the THz range
falls between 0.1 and 10 THz, but somesearchers from other communitiestend the upper
limit to 30 THzandthe lower limt to 300 GHzAlong this document, we will stick to the most
accepted definition of THz, in the range of 0.1 and 10 THz.

This band has bednistoricalyNB F SNNBER (2 Fa GKS ac¢1 1 3 LE
generators and detectors at this range. Réidia at lower frequencies such as microwaves, or
at very high frequencies like infrared can be easily generatetithe technology is nowadays
mature. Nevertheless, it not so simplat the THz band. Adepictedin figure 1.1, the classical
sourcesboth from microwaves and infraredxperiment an important power decrease this
band. With the apparition of new techniques such as the optical rectification and photomixing,
as well as new THz sources like quantum cascade lasers (QCL), the situation hed ahdng
now the THz band has opened a field of study of great interest.

104

1,000 IMPATT

100

-V laser

10 QCL

——
Lead-salt laser

Output power (mW)

RTD
011~ =" Optical rectification
Difference-frequency
0.01—
Photomixing
0.001 | \ I 1
0.01 0.1 1 10 100

Frequency (THz)

FIG. 1.1. The problem of generation. PoMirequency graphs of different sources in the
THzbandd ® b GF NNB Q& LISNE2Yylf O2YYdyAOldAzy

Today, there are three principal techniqués generate and detect THz radiation:
thermal sources, electrical, and opticade¢ figure 1.2). Next, the most used ones are
explained:

1 Electreoptic method: this is a nofinear process that consish the generation of a
change in the polarization of laser beam. A femtosecond laser emits a laser beam
trough a quasoptical bench that confines the beam to a sensor. The spectral
bandwidth of a femtosecond laser is pretty large if compared with the pulses duration.
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The mixing of different frequency compents in the process produces a beating
polarizationthat results in radiation at the THz band.

1 tK20202yRdzOGADPS YSGK2RY | RALRES aLK2G202Yy
GDNA aOK 1 2 ¢ 41] i8 usédyini thiy yedhdique. A photosensitive material is
placed between the two arms of thdipole where a voltage difference exists. When
the antenna is gated on by a laser pulse, it creates charge carriers in the mgitgrigl
rise toelectron hole pairs. This results in an increase of the conductance and a current
flow is generated, what rests in THz radiation.

1 Quantum Cascade Laser: the quantum cascade laser works with electric injection, and
it is formed by regularly repeated energy levels, with small bandgaps, forming a
succession of energy bands or cascaddse dectron starts at thefirst level, and
generates THz radiation, then jumps to the next level, where the process is repeated,
so electrons emit THz radiation in every step. Even though thieisnly technique
capableto generateintrinsic THz radiation, it is the one leastats being the previous
two techniques the most frequently in THz generation.

9 Electricup-conversion based on solid state frequency multipliers, using Schottky or
GUNNdiodes.

THz sources

|
l | l
= k2

Lamp Diodes (Schottky, QCL
Black bodies GUNN...) Photo-mixing
Vacuum tubes Non-linear
crystals

ww-wn‘n‘r)-w Layer oo Reecton Miror

Photoconductive antenna QcCL

FIG. 1.2. Classification of THz sources.

Regarding the detection of THzdiation, the situation has also improved in the last
decades. In the first THz detectors it was indispensable to cool the sources to cryogenic
temperatures with the help of liquid nitrogen or helium. Today is much easier to detect THz
radiation at ambienttemperature thanks to the appearance of new and cheaper detectors
based on microwave heterodyne detection or photomixj@jamong others. A classification
of THz detectors is shown figure 1.3.
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1 Thermal detectorsAll of them arebased on temperature changes. When a THz
radiation falls on a thermal detector, it produces an increment of its temperature,
causing physa changessuch asexpansiongiven that he absorber has a thermal
conductance. The radiated power is given as a function of this thermal conductance
and the temperature difference. This kiodl detectorsare incoherent, this means that
they only detect the amplitude but not the phase. Some exk®mpof thermal
detectors are:

o Bolometers

0 Photoawmusticdetectors

o0 Golay cells

o0 Pyroelectriceffect-based detectors

9 Electrooptic detectors: similar to the electroptic generation. The presence of THz
radiation in electreoptic materials causes a changdtie refractive index. This change
can be monitored by a light beam falling on the material, and it changes with the beam
polarization. The electroptic detectors use beams with different delays and
polarizations, using normally a quarterave plate and &Vollaston prism. This kind of
detection is coherent, wich means that they can recover both the amplitude and
phase of the signal. With coherent detectors, the speed of detection can be very fast,
and the THz signal can be sampled on a very short time.scal

1 Photoconductive detectors: when THz radiation falls on a photoconductive material,
its conductivity changes. Despite the fact that the THz photons have very low energy
to create new electrofhole pairsthey can modulate a prexisting current produced
by a probe beam by photoexcitation. As eleetnatic detectors, this is also coherent
detection, and both are the basis of tinrtlomain spectroscopy.

THz detectors

|
l I

o Coherent
(Incoherent)

Bolometer Electro-optic

Golay Cell Photoconductive

Pyroelectric antenna
Heterodyning
(Schottky diodes)

Bolometer Non-linear crystal

FIG. 1.3. Classification of THz detectors.
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These discoveries have opened up the door towardtieg goplications in the THz
band, unexplored until now due to the difficulties in the signals generation and reception.
Nowadays, the THz band is attracting considerable interest in many applications such as
spectroscopy and imaging, sensing, communicatard medical diagnostic, among others.

Communications

Nowadays, a number of reasons make communications at the THz band very
attractive. In the first place, this band is a developing region of the spectrum. Contrarily to the
region of microwaves, where thg@ectrum is collapsed, theris a lot of bandwidttavailable in
the THz gap, in addition to the larger bandwidth allowed by the THz carriers. Some
communications like radar or satellite networks can benefit from the small antenna sizes
needed to produce sigpls at THz band, due to the limited payload. One of the main
disadvantages of THz communications is the absorption through the atmosphere because of
water vapor, but this is not a problem for satellite communications that occurs in the
stratosphere where the scattering isnuchlower in comparison with the one produced at IR
or microwaves (proportional téf instead off*) [3]. Besidesin security applications the signals
attenuation is a plus for THz radiation when one does want to preserve certain information
from being accessible out of a particular placeam.

Spectroscopy and imaging

The technique ofTHz spectroscopy is basedn Fourier analysis of the time
dependence of a laser pulse. efanalysisis based on thebsorptionpeaksas a function of
frequency.

As THz waves have less energy than IR waves, they can excite vibrations of higher
wavelength. That results in moleculabrations in organic materials that are unique for each
material anddifferentiate it from others. This is a great advantage, given that with THz it is
possible to identify dangerous or even explosive materials fromha@ardous materials, even
though they might have similar or identical physical appearance. It is also possible the imaging
through low loss dielectric materials with very high resolutibm particular, THz waves are
able to penetrate through clothes. This property has been exploited in mmogleethrough
cloth radars that are now operating in security applications, for example at airports. With them
it is possibldo detect weapons or dangerous objects like explosives, etc. under several layers
of clothing.As is wetknow, the imaging resaition depends on how small the beam diameter
is (the smaller the diameter, the higher the resolution), and the wavelength size. Small beam
diameters can be produced by using mirrors or gladgieseover, the wavelength at THz is of
the order ofhundredsof microns.Hence, it is possible to get accurate imageshjécts.

THz technology is also making an impact in the pharmaceutical industry. Not being an
invasive technique is perfect for detecting polymorphisms and solid crystal properties in
pharmaceuticaproducts like drugs or beauty products.

Medical diagnosis

One of the main benefits of THz technology is that the radiation is nonionizing, and
therefore exposure is not harmfuht difference withX rays. This makes an advantage of using

4



Design of THz sensors based on metasurfaces

THz to imagingumors in skin or breast tissue without invasive surgery. THz waves have limited
penetration depth in human tissue because of the strong water absorptiqening the
possibility toradiate skin tumors without affecting any organ or tissue deeper. Somdiesu

have demonstrated that carcinogenic cells have different percentage of moisture. Because THz
absorption is sensitive to polar molecules, reflections of cancer issue can be detected. These
kinds of cells usually have also different refractive indekigher one), so their frequency
response is differerdind, therefore, easy to detect.

1.2. Metamaterials and metasurfaces

In 1968, Veselago (considered the father of metamaterials), proposed forr sheirfine
a medum with simultaneousegative permittivty and permeabilityf4]. He found that in these
media, the phase and group velocity are antiparallel (opposite direction). This, makes the
refraction index negativeand the vectors E (electric field), H (magnetic field), and k fohat
is called a lefhanded triplet (they follow the lefhand rule). These media have interesting
LINPLISNIASa tA1S AYOSNBRS {yStftQa fI shesdSS T A 3IdzNI
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FIG. 1.4. (a) lethandedtriplet and lefthandedtriplet representation. (b) Schematic of
{ySttQa t+g AYy | YSRAIF gAGK LRAAGAGBS NBFTNI OGAGS 7

In 1999, Pendry proposealsubwavelength structurgvith a strongmagnetic response
using nomamagnetic componentsthe so-called Split Ring Resonator (SRBge schematic in
figure 1.5(a)[5]. Under an axial magnetic field excitation, tisisucture is able to produce a
negative permeability within a narrow frequency range around the first resonakiter. this,
it was in the year 2000 when Smithchievedthe first experimental dmonstration of
metamaterials, synthetizing a medium with both negative permittivity and permeabilgy (
double negative mediaJ6]. Smith and ceworkers fabricated a prototype based on the
combination of amatrix of SRR, withu <0 (whosefrequency response presents a dip in the
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transmission); and an array of thin straight wires, wigh< 0 (whose frequency response
presents another dip in transmission) Combining both types of arrays, a new prototype was
created, whose frequency responpeesents a peak of transmissioseé figure 1.%b)).

(a) (b)

CLD® mdpd o0F0 {OKSYIFGAO 2F tSyRe&Qa {wwd 0600 t N

In 2000, Pendryevolutionized the metamaterials research by proposingth8 y RNE Q &
lens[7]. This lens was cqmosed of a slab of negative refractive index material (withe=-1),
that was able to regenerate the image with all its components,with infinite resolution
(ideally) although m practice thiss not possibledue to the material losses. The op&om of
this lens is showin figure 1.6.

CLD® mMdPcd hLISNFYdGA2Y 2F LISNFSOG t SYRNE(

The other great landmark in metamaterials history was fussibility to obtain an
invisibility cloak. Invisibility can be achievedy developing metamaterials thateflect
electromagnetic waves so that they do not interact with the concealed objeeiking it
invisible toan external observe Even though cloaking still have many imperfections, this has
become a very interesting field of study for many researc[9].

A possible definition of metamaterials was suggeste®bger M. Walser in 1999:

GaSaFYFGSNAI T a I NB Y| ONE & Oadd# OthreeO2 YLI2 aA (Sa
dimensional, periodic cellular architecture designed todpce an optimized

combination, not available in nature, of two or more responses to specific
SEOAGIGAZY DE
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Sixteen years after Walser's statement, the definition of metameterials has evolved
enormously, encompassing a great deal of artificial structbuet they are still based on the
idea of combining elementary particles that present a desired electromagnetic response. As
we cannot create new elements, the solution to create new materials with properties beyond
natural materials are thenetamaterials.

Metamaterials are constructed by a collection of unit cells or resonators with sizes
much smaller than the operation wavelength, so an electromagnetic wave sees an
homogenous medium. In electromagnetism, the materials are characterized by their dielectric
permittivity, & and magnetic permeability,. There are four different classes of metamaterials
depending on the sign ofandy, like is showrin figure 1.7:

a) Doublepositive metamaterials (DPS) or rigidnded media: botheand u are

positive.
b) Double ngative metamaterials (DNG) or ld¢fanded media: botheand u are
negative.
c) Negative permittivity media (ENG): whermis negative and there is no
propagation.
d) Negative permeability media (MNG): whefeis negative and there is no
propagation.
n
ENG DPS
11 ﬂ/\i’——-\
No propagation ‘
- £
(—- ﬂ ,_.,.-
l p(f‘ ﬂﬂﬁ

k " | No propagation

FIG. 1.7Classification of material in the permittivigermeability plane.

Each resonator that forms metamaterials produces a frequency response, typically a
resonance. This resonance may result in a baask, if the structure presents a peak at
resonance; or nich response, if the structure presents a dip at resonance. The frequency of
this resonance can be modified by varying the structure dimensions. This means that
metamaterials can be scale@ihe unit cells of metamaterials atsually formed by a metallic
thin film lying on a dielectric substratayith a Lorentzian resonance response that is
comparable to the one obtained from a RLC filter circuit, where the capacitance, C, and the
inductance, L, are determined by the properties of the dielectric substratethe metallic
film [10].

Metamaterials (3D structures) evolved soon towards metasurfac® (tructurey
because of the obvious advantages as can be space saving, or managéédtiisurfaces are
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planar screeadesigned to be transparent (or not) in some frequency bands while reflective,
or asorbing to othersAlthough hey require micro and nano system technology or planar
technology for their fabricatiorywith nowadays technologshey areeaser to createthan 3D
structures. Because of this, many sensors are based on them. Theyeaeraly designedby
assembling arrays of resonators whose size and spacing between them are much smaller than
the wavelength; and with geometric parameters (shape, size, etc.) that can be modified to
create a desired frequency response.

There are many types ofietasurfaces (capacitive, inductive, absorbent, etc.) and with
different behavior (notch filters, band pass filters, et€here arealso some type adtructures,
Ottt SR a2 ff L11]LIBe¥e aré Hainted Byl skvaréal periodic stacked metal
dielectric structures. In this group, two kind of structures can be highlighted:

1 Metasurfaces based on thin films: composed of a lossy dielectric film lying on a
substrate materialgee figure 1.8(3) By choosing correctly the substrate and dielectric
materials, the phase that the incident wave undergoes when refleatdtie interface
between air and the dielectric, or between the dielectric and the substrate, can be
controlled, makingt possible b engineer the reflection spectrum. As these films are
much smaller than the wavelength, as said before, a defimite equivalent medium
with the same spectrum that the one presented by the structure can be defined, so
the structure can be considered asmetamaterial with controllablémpedance and
refractive index.

1 2D structures with a repeated pattern on a surface (substrate). The planar unit cell of
these structures present electric or magnetic properties, so the cell that is repeated on
the structure is an electric or magnetic particle, such an SRR (nonmagnetic ring
structure with one or more splits filled with dielectric that can have many different
geometries), square pattern, cross pattern, etc. (See figure 1.8(b)).

Substrate

Unit cell

(a) (b)

FIG. 1.8 (a) Reflection proseBom a thin film over a lossy substrate. (b) Schematic of a
metamaterial slab formed by a composition of unit square ¢&R$

Currentl, the study of metamaterials and metasurfaces is a field of great interest to many
researchers, and are used for many applications such as cloaking devices, polarizers, analog
computing and sensing, among others. Here, we will focus just on the sengilncpéipns. The
rest of applications are beyond this study, Wbhey can be consulted in many reviews and
articles about the subjedt.3][14][15].
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1.3. Sensing at THz

Nowadays, sensing is one of the most interesting THz applications, due to its
importance in numerous applications sucls guality control, medicine, security, etc. In
particular, there are some sensing devices based on plasmonics, metamaterials, and frequency
selective surfaces, among others. One of the main objectives of this work is the detection of
biological substance¢fungi, in our case)and the design of thin film sensorsing THz
radiation. In the literature one can find some studies focused on this field, amongst which we
can highlight the next ones:

1 S. J. Park and aworkersused metallic arrays of square ringtlvia micreagap at
the center, for penicillium sensirjd6].

9 Lijuan Xie and cworkers, used a squarghaped metallic structure to detect trace
amounts of molecules of kanamycin sulfate (antibigtid)].

1 L. Conget al. presented two different perfect metamaterial absorbers to use them
as sensorflg].

1 The antennas group also have experience in sensing at THz using metasurfaces
[19].

The objective of a sensing device is to identify the presence of some analyte or sample
on the structure. The deposition of the sample should introduce a visible changeeof t
properties in the empty structure. This change may be a shift of the frequency, amplitude, or
any other visible parameter.

The key parameters for sensing are sensitivity, resonance linewidth, and figure of merit
(FoM)[19]. The sensitivity is a parameter designed by the researcher, and depends on the field
of study and application. Fahis reason is not easy to give a global definition. One of the
questions that sensitivity has to answer about the sample is: can it be identified with no
ambiguity?[10]. In our case, we define the sensitivity as a ratio between the resonance
frequency shift§fg) (or amplitude) with the variation ghe refractive index:

{ fr/kik[Hz/RIU] (1)

Nevertheless, it can be related also with other parameters such as the concentration,
or the analyte thickness, for example. In this work, the paranehosen will depend on the
kind of the sensor:

9 WSTNI OG2YIkhSNY { T &k
T ¢KAY TFAf Yi/&SPanghhte afalyté thidkness).
1 Fungidetector{ fr/kN (beingN the fungi concentration).

The resonance linewidth is also known as thewiudith at halfmaximum (FWHM) and
is related with the width of a pulse, in our case, the resonance (peak or dip). It is important not
just having high values of sensitivity, but also a narrow FWHM. Faretgen the parameter
used to measure the qualitgf a sensor is the figure of merit (FoOM). The FoM is a relation
between the sensitivity and the FWHM and is definedel®w (equation 2)This means, that
the higher the sensitivity and narrower the FWHM, the higher the quality of a sensor.
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FoM = S/F\MM )
1.4. Regular and anomalous ET

In 1998, T. W. Ebbesen andworkers analyzed twalimensional arrays of cylindrical
cavities in metallic films and found sharp peaks in transmission atlefgths as large as ten
times the diameter of the cylinderf20]. They named this phenomenon as extraordinary
optical transmissin (EOT,)since the peaks took place in the cutoff regions of the hdkes
2000, Avrustsket al. found that ET appeared in a structure with only periodic corrugations
[21]. Later on, in 2004, extraordinary transmission (ET) in millimeter waves was demonstrated,
generalizing the phenomenof22]. Snce then, the ET has been a phenomenon of great
attention given thatit provides potentidapplications, particularly in the field of metamaterials
and plasmonicslt is now well established23][24] that ET occursn periodic metallic
structures with electric holes where the periodicity is much larger than the diameter of the
holes.Now, eighteen years later, dliese theories havevolved, most of them focusingiahe
applications of the ET, as done in this work.

This phenomenonrefers to the appearance of peaks of transmission at certain
frequencies below cutoff when the polarization is parallel to the large periodicity which
correspond to the regular ET resorm@nThe ET resonance when the distance between the
holes in the structure is comparable to the wavelength and is much larger than the hole size.
Additionally, ifa rectangular cell is used atige structure idoaded with a dielectric substrate
they can aso support transmission below cutoff for the polarizatiparallel to the short hole
periodicity, a phenomenon called anomalous [EZ5][26][24]. In the anomalous ET, the
appearance of zeros and poles is strongly conditioned byRHactor defined in[25], a
parameter described dsllows:.

; Iz ®

Depending on the value of the F factor we can distinguish among different
performances:

 IfF20250KSNB gAfft 0S I FNBljdsSSyoeszs 1y
gAft KIFE@S | ydzZf 2FandnMly.ydYAdaizys:
1 IfF<0.25, a pole does not appear at any frequency.
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1.5. Outline

In this work three different types of masurfaces are presented and its behavior as
refractometer, thin film sensor or fungi detector is evaluated. This document has been
organized as follows:

1 In chapter2, the numerical simulator and the vector netwaaskalyzer used in
this work are explained.

1 In chapter3 different structures are designed and their behavior as sensor is
numerically evaluated:

o In chapter3.1 a crosdlipole structure in both notch filter and band
pass filter configurations is presented, and its behavior as a fungi
detector is evluated in both cases.

o In chapter3.2 a hole array structure is designed to work at the
frequency of 850 GHz. Its behavior as a thin film sensor, refractometer
and fungi detector is evaluated and discussed.

o In chapter 3.3 two different densely packed freg@ncy selective
surfaces (DFESS) are presented, one of them in transmission
configuration, and the other in reflection configuration. The behavior
of both of them as refractometer and fungi detector is evaluated and a
comparison of the two configuratioris carried out.

o In chapter 3.4, experimental measurements are performed and
compared with the numerical results obtained in the previous chapter.

1 Finally, the conclusions of this study and future work in the field, added to the
bibliography used to makents work andthe | dzi K2 NQ& YSNAGa | NB
the last chapters of this document.

11
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2. Methodology

2.1. Numerical simulator: CST Microwave Studio

CST Microwave Studio is an electromagnetic full wave simulation software founded in
1992 by Thomas WeifaR® LG gl a |y S@2tdziAzy 2F (GKS a!
al EgSttQa Sljdza GA2ya dzaAy3d GKS CAYAGS LyaGSaNt i
Finite Integration (FIT) techniqy27]

C
A

Today CST is one of the main commercial tools for the 3D electromagnetic simulation
of high frequency components. It offers multiple templates according to the area of study and
solvers modules integrated into one user interface so that the user can choose the most
appropriate for a given problem class.

CST MWS contains several solvers to best suit a given problem class (transient solver,
frequency domain solver, eigenmode solvaesonant solver, integral equation solver,
asymptotic solver, and TLM solver). To solve the electromagnetic problem, the simulation
R2YFIAY A& FTANBUGU RADGARSR Ay avyrfft OSftftax oKSNBJ
offers different meshing optios, being the main ones hexahedral and tetrahedral mesh. With
the hexahedral mesh, the whole simulation domain is divided into small cubes (either of
uniform or varying size) whereas with the tetrahedral mesh, only the objects are divided in
small tetrahedons 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 solundaries and consequently conform to material
jumps. With both hexahedral and tetrahedral meshes, there are two options to cff]se

1 Automatic mesh generation: the mesh generator creates automatically a mesh
that fits the simulated structure and the electromagnetic fields.

1 Adaptive mesh refinement: the software makes repeated simulations and
evaluates different solutionsrecognizing regions where the mess needs to be
locally refined. Although this option spends more simulation time, it also provides
improved accuracy.

The mesh influences the accuracy and speed of the simulations. Small mesh cells
usually lead to more aurate solutions but at 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
presenceof 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. An example xdhadral and
tetrahedral mesh can be shown in figure 2.1.

12
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Hexahedral Tetrahedral

FIG. 2.1. Example of hexahedral and tetrahedral meshing of a $p8gre

In this work, the problenunder study is based on planar periodic structures. This type
2F a0NUzOGdzNBa FAGa 6AGK GKS GSYLXFGS GCNEBIjdzSyC
the following simulation parameters are automatically defined:

Template: FSSUnit Cell

Units: mm,GHz

Solver: Frequency Domain Solver

Meshing: tetrahedral meshing

Background: vacuum

Boundaries: x, y unit cell (phase shift defined by the angle of incidence inward
traveling plane wave).

1 Floquet port: Zmin+Zmax

= =4 -4 4 -—a -8

t is observed that the transversal bourdd® O2y RAGA2ya | NB a! yAld
structures a single, unit cell is sufficient to describe the whole structure that contains an

infinite matrix of identical elements periodically replicated. Working with the unit cell, Floquet

ports appear automatally in Zmin and Zmax, so that is not necessary to draw them.

Frequency Domain Solver:

The frequency domain solver is a general purpose simulator. It delivers
electromagnetic nearand farfields as well as S parameters, among other electromagneti
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 @alue. It can work with hexahedral or tahedral 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.

Tetrahedral and Surface mesh generation:

The procedure to create a tetrahedral mesan be explained in three stej28] (See
figure 2.2):

1. Building a nomanifold simulation model: this operation is to convert two
coincident faces of two solidato a single common doubigided face, so we can
generate a consistent mesh with identical mesh cells at the edge of both solids.

13
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2. Meshing edges and faces (surface meshing).

3. aSakKay3d

Mon-manifold
madel

N/

NN
ZINZAN P

iKS Y2RSt Qa

@2t dzySa ol aSR 2y &adzNFl

CellB

ﬂ Mesh surface

Cell A

FIG. 22. Tetrahedral mesh generation proced(gs]

Once the tetrahedral mesh is created, we can improve its quality by using mesh
smoothing or mesh optimization, whicswaps faces and edges reconnecting them to generate

better quality tetrahedrons.

2.2. Experimental measurements:

ABmm VNA analyzer

For experimental measurements of the fabricated metasurfaces the Vector Network
Analyzer (VNA) MVN&350-4 [29] available in the Antennas GroupTERALAB 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 ihd millimeter and suimillimeter 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 transmited and reflected signal. The operational and logical control of the analyzer is done
with a PC computeiThe MVNA used in this work is shown in figure 2.2.

The basic configuration of the MVMA350 is:

MVNA central unit

= =4 4 =2
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PC computer with interface cardsith the software package
Graphic printer attached to the PC computer
Control oscilloscope visualizing at real time the detected waves
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CLD® H®P HDBE3IBODL! Qa azxh!

As the MVNAB-350 covers different bands it has different multipliers heads that
provides the availability of sources for each band. In the MVNA the beam is transmitted by a
corrugated horn antenna, and is converted to intermediate frequency by a Schottky diode
harmonic mixer. Then, the signal generated goes through a quasiopticeahldermed by 2
pairs of elliptical mirrors that confine the signal beam and collimate it on the sample, avoiding
diffraction. Ideally, the beam radius at the sample position is minimum. Then, another pair of
mirrors focuses the beam into the receiving amb@, and the high frequency signal is
processed in the heterodyne vector receivir.the reflection configuration, only one antenna
is necessary, and acts as a generator and receiver at the same time. In this configuration is
necessary to add a coupler the design. The signal reflected on the sample is measured (See
figure 2.3).

<4

generator

elliptical mirrors

receiver

generator + coupler
+ receiver

<
«

sample

sample

(a) (b)

FIG. 2. 3. Scheme of MVNA operat{ah Transmission configuration. (b) Reflection
configuration.

15
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16. Results and discussions

In this chapter, threekind of structures are presented. Their behavior as sensors is
going to be numerically evaluated. Statistical studies as well as quality parameters like
sensitivity and FoOM have been calculated and are discussed in this chapter.

3.1. Cross Dipole

In this section, two different frequency selective surfaces (FSS) based on a patch and
slot crossdipole elements are evaluated. Their performance as biological sensors (fungi
detection) is numerically evaluated.

3.1.1. Patch structure (notch filter)

The firstFSS analyzed is an array of cidigmle patch elements. The schematic and
dimensions of a unit cell structure are shown in fig8rg(a). It consists of a metallic patch of
hollow cross shape with a strip width ofi2n and infinitesimal thickness, periaglly repeated
with period d, = 100pm on top of a thin polypropylene (PP) layer of thicknessu#®and
permittivity ep = 2.25. PP has been chosen due to its optimal features at THz like low
absorptivity and dispersion, as well as its resistance agamsous chemical solvents and
acids and the fact that it is a ductile materialhe analysis is done assuming Jess
elements, so the loss tangent of PP is disregarded and the metallic cross is modelled as a
perfect electric conductor (PEC).

(a) (b)

FIG.3.1. (a) Schematic of the designed unit cell. Dimensions: polypropylene substrate Heighf)
um; unit cell lateral periodd, = d, = 10Qum; cross lengthl. = 95um; cross track widthw = 2um;
gapbetween metallic stripsg = 2 um. Dielectric propertgeof the substrate: PP permittivityggpp=
2.25.(b) Boundary conditions of the unit cell.

The aim of this study is to verify the behavior of this cross dipole FSS structure as a
biological sensor and, more concretely, to prove its performance as a futgctdr. To
accomplish it, several simulations have been carried out depositing a different concentration
of fungi each time, with the purpose of checking whether we are able to find some parameter
that allows us to discriminate between different fungi centrations deposited on the FSS.

16
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For modelling purposes, fungi were characterized as spheres, with a radiugirof &hd a
permittivity Gungi= 8.

The structure shown in figurgd1 was simulated using the electromagnetic software CST
Microwave Studio. Itvas characterized under normahd obliqueincidence(for both TE and
TM polarizations Note that under normal incidence this is equivalent to using linear
orthogonal polarizations, vertical and horizontal. To model the FSS as an infinitely periodic
structure, the simulation characteristics mentioned in the methodology chapter were applied:
Unit Cell boundary conditions iwandy axes, and Open + Add Space (i.e. perfectly matched
layers) inz axis. The structure was simulated in the frequency span f@bf8 GHz to 900 GHz.

Figure3.2 shows the transmission in dB of the cro§zole FSS without fungi. As we can
observe, the structure presents a stiyand resonance at thé = 832 GHZThis is due to the
metallic crosdlipole fundamental dipolar halvavelength resonance. In a first order
approach, this resonance frequency is determined by the cross lehgthy the effective
permittivity seen by the FSS, which is different from the PP permittérity the capacitance
between the metal strips, which redugke resonance frequencyAs the FSS is also in contact
with air (with arelative permittivity of 1), and because the substrate can be considered-semi
infinite (Q 1® JQ_ ,being_ the resonance wavelength), the effective permittivity for the
substrate - , can be calculated as tharithmetic mean of both polypropylene and air :

8 pP® ¢ [09]. In our caseL ¥ //2 = 0.1 mm, so/ = 0.2 mm. The resonance

frequency in vacuum should g =c/ / = 1.5 THz. If we congdthe presence of the PP
substrate, the frequency in this case shouldfbef, / Oas = 1.27 THz. This value is quite
different from the real resonance frequency, which demonstrates the strong effect of the
capacitancébetween the metal stripgnentioned before.

-20 4

|S21] (dB)

-40

-60

0.76 0.78 0.80 0.82 0.84 0.86 0.88 0.90

Frequency
FIG.3.2. Transmission of the crosipole under normal incidence and without fungi.

Next, the performance in the presence of fungi was evaluated. The response was
analyzed by depositing different amounts of fungi, from 0 to 250 with a stethvati50.In
order to bring the measurement as close as possible to reality, 10 simulations were made for
each case, with the corresponding statistical study: average and variance for each case. The
spheres that modethe fungi microorganismsvere createdand placed on the structure with a

17
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random distribution, using an external Mat/&bscript explicitly written for this applicationin
this way it was ensurethat in principle all simulationgere different. The results of this study
are shown in figur@.3.

As observed therghe resonance shifior each caseis pretty different and, as we can
see in figure3.4, strongly depend®n the spheres distribution over the FSS. The variance in all
cases is moderately high in comparison with the average frequghiftyachieved, causing an
overlap between different fungi concentrations.

300

I N =50
. N =100
01 (@ (b) (c N = 150
S N =200
I N =250
200
Z 150
100 -
50 4 ‘ |
0 . ; LR
0.79 0.80 0.81 0.82 0.83 0.84

Frequency

FIG.3.3. Representation of the frequency resonance for all the simulations carried out for
each fungi concentration.

0 832

50 827.4 8224 8322 8274 8224 8324 8324 8316 822.4 827.4 829 144.2
100 816.1 826.6 8252 8265 8220 817.7 8181 8266 826.2 818.0 821.6 18.7
150 808.7 810.2 8152 8169 8123 8le.6 817.2 8235 820.8 820.5 815.6 19.7
200 8109 8039 807.0 8018 807.1 813.7 8103 8l2.1 807.1 803.9 806.9 16.4
250 795.4 800.7 7946 7954 800.7 7946 8018 798.2 808.8 800.7 799.1 19.7

Table 3.1. Frequency resonance for all the simulations reat out for each fungi
concentration, average and variance for each case

This variation of the frequency resonance may be due to the arrangement of the
spheres in the structure. To check this hypothesis, the distribution of spheres corresponding to
the exreme results withN = 250 have been represented in figused. This case is chosen
because is the one with higher frequency variation. The resonance shift is due to the higher or
lower interaction between the induced electric field and the spheres. Thkdst interaction
will occur in areas where the metal acts as a capacitor, that is, between the two metal strips of
the cross. If we take a look at that area in fig@ré, we can see that, indeed, the number of
spheres within the metallic strips is aba2é in the case corresponding to the simulation with
largest frequency redshift, figur@4(a). Whereas in figurg4(c), the number of spheres within
the strips is, approximately, 19. Thus, we have a difference of 27% between both cases. By
looking the inermediate case at figur8.4(b), it can be observed that the number of spheres
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within the strips is about 22, what corresponds approximately with the average between both
cases.

FIG.3.4. Distribution of spheres on simulations corresponding to the eddéelse caseN =
250. (a) Highest frequency variation (resonance at 794 GK).Intermediate case
(resonance at 800 GHZY) Lowest frequency variation (resonance at 808 GHz)

As mentioned above, there are frequency shifts from different concentratibatare
overlapped. Then, the study can be cumbersome. To overcome this, we have calculated the
average frequency shift for each case, and chosen the simulation that was closest to the
average. A schematic of the front view of the structure is represeinefigure 3.5(a). For
clarity, only the cases fdd = 50,N = 150 andN = 250 are representedVe have taken the
curves closest to the average, so the effect of overlapping disappears, and represented them in
figure 3.5(b).

|S21| (dB)

-60

076 078 080 082 084 08 088 090
Frequency (THz)

FIG.3.5. (a) Font view ofthe structure withN =50, N = 150, andN = 250 fungigurple
spheres).(b) Results of simulated transmission without fungi (black curve), and after the
deposition of fungiN =50 (red curve)N =100 (blue curve)N =150 (cyan curveN =200
(pink cure) andN =250 purple curve).
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Figure3.6 shows the frequeneghift of the resonance dependence with the fungi
concentration (number of spheres) and the obtained sensitivity and FoM. By loaking
figure 3.6 (a), it can be seen that the frequency of thepsband resonance experiences
a redshift as we increase the fungi concentration. A minimum frequency sHif6GiHz

andamaximumoF oHDIT X GKIFIG O2NNBalLRYyRa gAGK | Gl

resonance frequency, can be observed for 50 andN = 250 respectively. From this
frequency shift, we obtain the sensitivity that varies between 0.008 and 0.022.
Regarding the FoM, it barely reaches a value 6f202, see figures.6 (inset).

(a) (b)
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FIG.3.6. (a) Frequency shift of the stdpand resonance vs. ¢hvariation of the fungi
concentration. (b) Sensitivity markers correspond to the calculated values, whereas
dashed purple curve is the regression likeM (cashedpink curve).

As we can see, these are not very encouraging values, even having selelteal on
representative simulation for each case as it has been said before. With these results, a
question raises: What would happen if all the spheres would fall in the right place? As we can
see in figure8.1, this crosslipole has a narrow inner gap wheaehigh electric field is confined
at resonance. The frequency shift depends on the capacitance added by the gap between the
metallic strips. To check this, two more simulations have been carried out.

Firstly, the horizontal slot between the metallic stripgs filled with fungi, and the
structure was excited with both vertical and horizontal polarizations. In the case of vertical
polarization, a large interaction occurs between the vertical electric field and fungi and,
therefore, a large frequency displaoent is observed in the resonance. Specifically, as it can
be seen in figurd.7, the displacement is 30 GHz. On the other hand, the displacement under
horizontal polarization is lower (20 GHz), since in this case, the interaction of the horizontal
electric field with the spheres is smaller.
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FIG.3.7. Transmissiorcoefficientand electric fielddistribution for vertical polarization
(red solid line) and horizontal polarization (blue solid curve); and comparison with the
empty structure, without fung(black solid curve).

This can be explained by the surface currents absolute magnitude that are represented
in figure 3.8. With vertical polarization, the surface current is more intense in the horizontal
arm (where spheres are located) than in the vertima¢. Therefore, the electric field absolute
magnitude is also more intense in that case, leading to a greater interaction with the spheres
and hence a larger frequency shift in the case of vertical polarization, in agreement with the
results of figures.7.
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FIG.3.8. (a) Surface currents for vertical polarization: absolute magnitude. (b) The same as
(@) for horizontal polarization. (c) Electric field for vertical polarization: absolute
magnitude. (d) The same as (c) for horizontal polarization.

)|

In a secad study, the vertical slot between the metallic strips was also filled with
fungi. With this new arrangement, we should expect larger frequency shifts than the previous
case, since now the interaction of the spheres with the electric field should berhigleed,
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with this configuration, the frequency resonance experiments a displacement of 40 GHz with
respect to the structure without fungi (33% more than the previous case), as shown in figure
3.9. We can also note that, in this case, both vertical aodzbntal polarization frequency
resonances fall at the same frequency. This is what we expected, because of the symmetry of

the structure.

This displacement of 40 GHz mentioned in the last paragraph, corresponds with a
relative frequency shift 08.7%, geater than the frequency shift in the case Bf= 250
(relative shift of 3.76%); but in this case we only have 45 fungi, so it is a case comparable with
the one ofN = 50. So we are talking about a difference of 40 GHz versus 4 GHz or, in relative
magnitude, a displacement of almost 5% versus another of 0.4%. This fact shows, again, that is
not so important the number of spheres present in the structure, but its location. However, it
is true that the more spheres we have in the unit cell, the greater grdibathat fall in areas
of interest.
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FIG.3.9. Transmissioroefficient andelectric fields for vertical polarization (red solid line)
and horizontal polarization (blue solid curve); and comparison with the ersipticture,
without fungi (black solidwrve).

3.1.2. Complementary (slot) structure (BPF)

In this section the complementary structure of the craf§gole, namely the slot cross
dipole, is analyzed. This new structure also lays on a polypropylene substrate and has the same
dimensions as the prxgous one. The only difference is that now we are depositing a thin film
conductive material over the substrate, on which a cross shaped slot is carved. Given that now
we have a slotype FSS, the frequency response must have hmass$ instead of stoepand
characteristic. This is corroborated in figu8el0, where the transmission of an infinite FSS
without any fungi is plotted. As observed, the structure presents a clearlgass centered at
fr=810 GHz.
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FIG.3.10. Transmission of the slot credfpolewithout fungi

We performed the same study as before, depositing different concentrations of fungi
and obtaining the response, see figell. At first sight, the results are very similar to the
patch structure. Hence, only three scenarios were evaluatadielyN = 50,N = 150, ancN =
250. Again, 10 simulations were done for each instance. As the intermediate cases have been
eliminated N = 100 andN = 200), the overlap disappears (See figBrgl).The rest of the
simulations results can be seen in taBl2.
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FIG.3.11. Representation of the frequency resonance for all the simulations carried out
for each fungi concentration.

Frequency resonance for different simulations (GHz) Average(GHz)  Variance

50 8051 8082 8038 8082 807,29 8059 8051 8087 807,9 807,5 806.6 3.88
150 794,7 7869 792,4 7945 790,2 7862 7782 7854 788,7 782,0 787.9 28.3
250 766,6 776,3 7729 7653 776,7 7719 773,4 7653 776,7 7719 771.7 20.5

Table 3.2. Frequency resonance for all the simulations carried out for each fungi
concentration, average and variance for eaase

If we now focus on the extreme cases, the highest interaction will also occur in areas
where we have a capacitor. As we can observe in fi@utg, in the simulatiorwith highest
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frequency variation3.12(a) we have 40 fungi in the slot between thenttel cross and the
ground plane, whereas only 28 fungi appear in the case of minimum frequency variation
(about 30% decreasdlf.we look to the intermediate case at figusel2(b), it can be observed
that the number of spheres within the strips is abdid that, again, corresponds with an

average between both cases.

FIG.3.12. Distribution of spheres on simulations corresponding to tdgesof the case
N=250. (a) Highest frequency variation (resonance at 765 GHb) Intermediate case
(resonance af 71 GHz). (chowestfrequency variation (resonance at 776 GHz).

As before, the simulations with a peak closest to the average were chosen for each case.
The results are represented in figuBel 3.

(a)
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FIG.3.13. (a) Font view of thestructure withN =50, N =150, andN = 250 fungi purple
spheres).(b) Results of simulated transmission without fungi (black curve), and after the
deposition of fungiN =50 (red curve)N =150 (blue curve) antl =250 (pink curve).

In this case, a redshift also appears in gpectrum, with a minimum frequency shift of
F ¢ DINI' 6pgridi KF YR | Y I EA Y dzW=25)jtAaticoreedponfls withm D1 1
5% frequency shift. This is also presented in fiqutd, along with the sensitivity arfedoM. In
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this case, the structure has a sensitivity that varies betwe®iDand 0.023. Regarding the
FoM, it reaches a maximum value of £44*. If we compare these values with the ones in
the previous structure, we realize that the sensitivity is enhanced around 4.5%. Nevertheless,
in this case the FoM has decreased itdugaby around 40%, so we still have not very
encouraging values.
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FIG.3.14. (a) Frequency shift of the stdpand resonance vs. the variation of the fungi
concentration. (b) Sensitivity markers correspond to the calculated values, whereas
dashed purpleurve is the regression linEpM (dashedpink curve).

As before,we found the response when fungi were placed in the zone with high
electric field is enclosed. As mentioned above, this is the slot between the central cross and
the ground plane. First, whlled the horizontal arm of the dipole and observed its behavior.
This is depicted in figur&15.

(b) (a)
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FIG.3.15. Transmissiorcoefficient andelectric fields for vertical polarization (red solid
line) and horizontal polarization (blue solid curve); andnparison with the empty
structure, without fungi (black solid curve).
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In this case, the vertical polarization has a smaller $80tGHz) than the horizontal
polarization (52 GHz), contrary to what happened in the previous structure. This can be
explaingl by attending to the surface currents that are represented in figiis. As we can
see, the surface current in the horizontal arm of the dipole where the fungi have been placed
(figure 3.16(b), is more intense for the horizontal than for the verticallgrization (figure
3.16(a). Therefore, the electric field (see figuBel6(c,d)) is also more intense in the former
case, leading to an enhanced interaction with the spheres and hence a larger frequency shift.

(a) (b)
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FIG.3.16. (a) Surface currents farertical polarization: absolute magnitude. (b) The same
as (a) forhorizontal polarization. (c) Electric field for vertical polarization: absolute
magnitude. (d) The same as (c) for horizontal polarization.

Next, we filled completely the slot with fungi. In th case, we expect a larger
displacement of the frequency maximum, because the interaction with fungi and electric field
should be higher. Now, we can observe in figBrE7 that the frequency shift is about 65 GHz
25%more than the previous case and alsoger than the one observed in the best case of the
patch structure (65 GHz vs. 40 GHz). Admith vertical and horizontal polarizations frequency
resonances fall at the same frequenég. before this is a direct consequenad the symmetry
of the stucture.
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FIG.3.17. Transmissiorand electric fields for vertical polarization (red solid line) and
horizontal polarization (blue solid curve); and comparison with the engitycture,
without fungi (black solid curve).

Finally, a comparison between Wostructures is done in tabl&3.

Patch structure Slot structure
N=0 Resonance 832 GHz 810 GHz
N=50 Resonance 828.5GHz 806.6 GHz
AF (%) 0.42 0.42
N =150 Resonance 815.6 GHz 787.9 GHz
AF (%) 1.97 2.72
N =250 Resonance 800.7 GHz 771.7 GHz
AF (%) 3.76 4.73
Sensitivity (max) 2.2-1072 23-1072
Figure of Merit (max) 24-107* 1.4-107*

Table3.3. Comparison between patch structure and slot structure

Although thepatch structure shows betteperformancethat the slot one in terms of
FoM, both present low values of sensitivity af@M. However, it isrue that the quantity of
analyte (in this case, fungi) deposited on the unit cell is also very small, so in proportion, these
are quite good values. Anyway, other structures with better results will be studied in the
following sections, intended both fohin-film and microorganism sensing.
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3.2. Hole Array

In this section anotheperiodic structurebased on a subwalength hole array is
evaluated.This hole arragtructure has been intensively studied in the ldteen years in the
context of extraodinary transmission phenomendB2]. The objective of this study is to verify
the behavior of this hole array as a thin film sensor, refractometer and, last but not least, to
assess its performance as a fungi detector.

The schematic and dimewsis of the unit cell structure are shown in figu3d.8(a). It
consists of an aluminum (lossy metal) thin film of B thickness and electric conductivity,
sa= 1.5 10"S/m, on which a hole slot of diametegt = 105um is etched, periodically repeated
with periodsd, = 52.5um, d, = 350pum on top of a thin polypropylene (PP) layer of thickness
75 um andpermittivity ep= 2.25.

(a) (b)

FIG.3.18.(a) Schematic of the unit cell. Dimensions: polypropylene substrate hkights
pum; unit cell vertical periodd, = 350 um; unit cell horizontal periodl, = 52.5 um;
aluminum thicknessh, = 0.3 um hole diameterd = 105um. Dielectric properties of the
substrate: PP permittivitygp = 2.25. Electric properties of the metallic film: Aluminum
electric conductivitys = 1.5 10’ S/m. (b) Boundary conditions of the unit cell

Figure3.19 shows the transmission in dB of the hole array without the presence of analyte. As

we can observe, the structure presents a peak of transmission followed by a null of
transmission irboth, regular ET and anomalous ET. In the regular ET, we have two peaks, at

647 GHz and at 844 GHz, and two nulls, at 718 GHz and at 857f@®kdzcalculate the

frequency of this nulls of transmissipthe first should be around 672 GHz_t(c/dyCT‘aeﬁ, where

e can be calculated as the arithmetic meanefand gp. As we can realize, the simulated

value differs from this theorical value, because we are not taking into account the substrate

thickness The second nulO2 NNB & L2y Ra GAUKRERHEKSAGARROR 2 Yl
frequency fwoos = ¢/ dy). As mentioned before, in this cadg= 350um, sofwe.= 857 GHz, as

expected. With the characteristics and dimensions mentioned in fig@r&8, the F factor

explained in the Introduction chapter i©® s TR T
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Although this value o is below the condition to properly speak of anomalous =S (
0.25) it is close enough so that it gives rise to a clear resonance in the spectrum in which we
haveonly a peak at 849 GHz, and a null at &Hz &t fw..g). For the following studies, we are
going to focus on the frequency shift of the peaks on both transmissions.
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FIG. 3.19 (a) Results of simulated regular ET without analyte. Inset: electric field
polarization.(b) Results of simulated anomalous &ithout analyte.Inset: electric field
polarization.

Now, the performance as a thin film sensitw evaluated To achieve this, several
simulations have been carried out depositinganalytewith different thickness each timeo
check if we are able téind some parameter that allows us to discriminate between different
thicknesses deposited in the structure. The analligs beendepositedin the back face
(opposite to the aluminum film)for two main reasons. The first, increasing the substrate
thicknes accentuates the appearance and frequency movement of the anomalous ET.
Furthermore, by sensing in the substrate side, we avoid damaging the metal in the process of
depositing and removing the analyte. The anallygs a permittivity ofé\naye = 2.855 ad we
are going to vary its thickness betwebpn=0 and 50um with a step of 5 um. The simulations
characteristics are the same as in the cross dipotgt Cell boundary conditions ik andy
axes, and Open + Add Space (i.e. perfectly matched layergkis, taking the excitation from
Zmax The structure was simulated in the frequency span fré@® GHz to 1000 GHz. The
transmission for each analyte thickness can be observed in fgjlige
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FIG.3.20.(a) Results of simulated regular ET without analglikack curve), witth, = 5um
(red curve)h, = 10 um (blue curvef, = 25 um (cyan curve), arg = 50 pum (pink curve).
(b) Results of simulated anomalous ET. Inset: perspective view of the dase 5 um.

We can observe that both regular and anoma& ET peaks experience a frequency shift
towards lower frequencies as we increase the analyte thickness. By looking at3igurdor
regular ET the minimum frequency shiffis T DI T gKAOK O2NNBaLRYyRa
and the maximum shift is 57 GHz (8% frequency shift). For anomalous ET the minimum shift is
14 GHz (1.6% frequency shift), and the maximum is 141 GHz, corresponding with almost 17%.

| == anomalous ET b
== regular ET

Frequency shift (%)
=

Analyte thickness

FIG.3.21. Frequencghift of the peak vs. the analyte thickness for regular ET (pink curve),
and anomalous ET (dark pink curve).

From the previous plot, we obtain the sensitivity that varies between 0.7 and 1.3 in the
case of the regular ET, and between 2.1 and 3.3 in #se of the anomalous ET. As for the
FoM, it varies in the range of 0.02 to 0.04 (regular ET) and 0.2 to 0.46 (anomalous ET), see
figure 3.22. All these parameters are summarized in taBlé.
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FIG.3.22. (a) Sensitivity for the regular ET (pink curve) andmalous ET (dark pink
curve). (b) FoMor the regular ET (pink curve) and anomalous ET (dark pink curve).

Regular ET Anomalous ET
h,=0 pm Frequency peak 646 GHz 849 GHz
Frequency peak 639.4 GHz 835.2 GHz
h,=5um
Af (%) 1 16
Frequency peak 633.4 GHz 818.4 GHz
h,= 10 um
Af (%) 1.9 3.6
Frequency peak 614.8 GHz 771 GHz
h,= 25 um
Af (%) 4.8 9.2
Frequency peak 590.8 GHz 708 GHz
h,=50 um
Af (%) 8.5 16.6
Sensitivity 0.7-1.3 2.1-33
FoM 0.02-0.04 0.2-0.5

Table3.4.. Behavior of a subwavelength hole array with different analyte thicknesses.

With these results it is clear that the values of semuiitiand FOM reached with the
anomalous ET are quite better than the ones reached with the regular ET, and they are good
enough to use it as a thin film sensor, as we achieve considerable frequency shift even for
small thicknessesThis result makes senssince as mentioned before, the anomalous ET
depends strongly on the dielectric.

Next, the structure behavior as a refractometer is studied. More concretely, we want
to test the capability of distinguishing between different materials with different gtivity
and hence, different refractive inder € G8. To accomplish it, this time we deposit an analyte
with constant thickness, considering two cas$gs= 10um and 20um, and vary its refractive
index from 1 to 2 with a step width of 0.2. The transsimon for both regular ET (left) and
anomalous ET (right) can be observed at figdig8. As it can be seen at first sight, when the
analyte thickness increases, we achieve a larger frequency shift. Concretely, for the lzagse of
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10 um we have a minimurfrequency shift of 5 GHz and a maximum of 18 GHz for the regular
ET, and a minimum of 6 GHz, maximum of 52 GHz for the anomalous ET; while for the case of
h,= 20pm we achieve a minimum and maximum of 10 GHz and 36 GHz for the regular ET, and
a variationin the range between 13 GHz to 104 GHz for the anomalous, a considerable
difference in comparison to the previous case.
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FIG.3.23. (a) Regular ET for the prototype with analyte thickrigss 10um at different
refractive index values. (b) AnomalousfBifthe prototype with analyte thickneds, = 10
um at different refractive index values. (c) Same as (ahfer 20um. (d) Same as (b) for
h, = 20um.

This difference of the frequency shift is plotted in figl:€4. As mentioned before,
there is agreat difference between both analyte thicknesses, giving a variation from 6% in the
case of anomalous ET ahg= 10umto 12% in the same case but with= 20um; and from a
maximum of almost 3%h{= 10um) to 5.4%l, = 20um) in the case of regularTE
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FIG.3.24. (a) Frequency shift of the maximum of transmission vs. refractive index for
regular ET (pink curve), and anomalous ET (dark pink curvd),andOum. (b) Same as
(a) for regular E(dark cyan curve), and anomalous ET (blue curve),fe20 um.

From this frequency shift, we obtain the sensitivity that varies between 15 arfl,24
10 um); and between 30 and 4th, = 20 um), for the regular ET; while the values improve
substantially for anomalous ET case, with a variation from 30 {#,/210 um) and 63 to 135
(h, =20 um). Regarding the FoM, it registers very small values for the regular ET (almost 0), but
takes much better values for the anomalous ET. Concretely, it reaches a value of 6 in the case
of h, =10 um; and a value of 20 ithe case oh, =20 um (70% improvement), see figuBe25.

With these values, the improvement obtained by increasing the analyte thickness on 10
mm is 43% for the regular ET resonance, and 47% for the anomalous ET case. A comparison
between both analytehicknesses can be seen in table 3.5.
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FIG.3.25. (a) Sensitivity for anomalous and regular ETHpr= 10 pm.(b) FoM for
anomalous and regular ET fbg = 10um. (¢c) Same as (a) fdm, =20 um. (d) Same as (b)
for h, =20 pm.

h, =10 pm h, =20 pm

Anomalous ET

Regular ET Regular ET Anomalous ET

Frequency peak 646 GHz 849 GHz 646 849

Frequency peak 641.2 GHz 843 GHz 637.6 GHz 836.4 GHz
Af (%) 0.7 0.7 13 15
Frequency peak 637.6 GHz 834.6 GHz 630.4 GHz 818.4 GHz
Af (%) 1.3 1.7 2.4 36
Frequency peak 634.6 GHz 824.4 GHz 623.8 GHz 796.8 GHz
Af (%) 1.8 2.9 34 6.1
Frequency peak 631 GHz 811.8 GHz 617.2 GHz 772.2 GHz
Af (%) 23 4.4 44 9
Frequency peak 628 GHz 797.4 GHz 611.2 GHz 745.2 GHz
Af (%) 2.8 6 5.4 12.2
Sensitivity 15-24 30-72 30-42 63-135
FoM 0.7-2.7 0.7-6 0.8-1 4.5-20

Table3.5. Comparison beteenstructures with different analyte thickness.
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With this table we can conclude that the performance of the sensor improves for thick
analytes. However, it must be taken into account that in general one of the main applications
is the detection of thirfilms, so a good compromise solution must be found.

Finally, fungi with different concentrations have been deposited on the structnréhe
aluminum sidewith the aim to see if this type of hole arrays can act as a fungi detector. Fungi
have been modedld as in the previous section: spheres with a radius gin2 and a
permittivity 6ungi = 8. As in this time we have a bigger structure, we have decided to choose
larger concentrations. Concretelid = 200,N = 400, andN = 600 fungi. The results of these
simulations can be seen in figuB26.
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(a) (b)

HG.3.26. (a) Representation of the frequency resonance for all the simulations carried out
for N =200 (red curve)N =400 (blue curve), andN =600 (pink curve) forregular ET (b)
The same as (a) fanomalousET

As shown in figure3.26, it becomes impossible to distinguish between different
concentrations, even though the number of spheres is very high. All the considered cases
present a strong overlapping, with a very weak frequency shift. For these reasemsd not
perform any statistical study for hole arrays.

The results of one simulation for each case is plotted at figLZ@. We can observe that
the frequency shift is negligible in all cases. This can be due to the small size of the spheres in
compaison with the structure and, in particular, with the hole. As we said in the alipgde
study, the best place to place the spheres is in the regions of high electric field concentration.
In a simple model, the hole of the array acts like a capacitothee is a high electric field in
the hole. At the same time, surface currents are generated just around it at resonance. These
currents are, indeed, in phase so this act as an inductance and give rise to an intense magnetic
field. Joined together, thiscis as arlCfilter, with a shunt impedance equal to the parallel of

both capacitance and inductanced ———. When theangularfrequency,w, is equal tahe

resonant angular frequency) = the impedance Z goes to infi@j and maximum

transmission takes place; whereas when 0, Z = 0; and we have a null of transmission (pole).
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A 3D plot of the calculated the electric field and surface currents at resonance is presented in
figure 3.28.

A possible solution to this calilbe to rescale the diameter of the hole so that it is
comparable to the size of the spheres. The problem is that, if we keep the rest of parameters
unchanged, the quality factaof the structure would be extremely high. We would have an
overly resonant sucture, and if losses were considered, the transmission peak would
disappear from the spectrumAnother possibility could be varying the frequency range. The
problem with this, is that although we could scale the lateral periogandd,, the dielectric
width is nonscalable, and it would be too wide for the purpose of sensing.
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FIG.3.27. (a)Front view of the structure fod = 200,N = 400, andN = 600 fungi.(b)
Regular ET fax = 0 (black curve)\ = 200 (red curve)l\ = 400 (blue curve), and = 600
(pink curve). Inset: zoom of the maximum first peak of transmissfojAnomalous ET for
N = 0 (black curvel\ = 200 (red curve)N = 400 (blue curve), and = 600 (pink curve).
Inset: zoom of the maximum peak of transmission.
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FIG.3.28. (a) Absolutanagnitude of the electric field for vertical polarization. (b) The
same as (a) for horizontal polarization. (c) Surface currents for vertical polarization
(absolute magnitude). (d) Same as (b) for horizontal polarization.

After doing this study, a lastugstion was raised. In a structure in which the anomalous
ET is about to appear, how much analyte thickness should we deposit for the anomalous ET to
emerge in the spectrum?

A new structure with the same design parameters as those shown in figl8éa),but
with a different PP thickness, now equal to @& instead of 75um, has been designed. By
decreasing this substrate thickness, we manage to decrease tHefactor, as it is directly
dependent onh, as mentioned at the introduction. So, with this nparametersthe F factor

ns

is now:"0O T ¥ With thisF (well below 0.25), a pole does not take place. This

can be seen in figurg.29, where the simulated empty structure is plotted. In these conditions
alJSF 1 I LIISH NR vy $hyWNB5UGHS), beit & pol Baes nbtyake place.

To evaluate the sensing performance, we have deposited the same analyte as before
(&nayie = 2.859 varying its thickness between 0 and g, with a step width of Sum. A
selection of the results of the sirfated anomalous transmission are shown in figure 3.30.
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FIG.3.29. Anomalous ET for the Hole Array with PP thicknbss,55 um, where only a
peak, but not a pole is observed.
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FIG.3.30. Results of simulated anomalous ET without analyte (black guwith h,= 10

pm (red curve)h, = 15 pum (blue curve}), = 20 um (cyan curve), arg = 30 pum (pink

curve).

We can appreciate that the analyte thickness needed to get a pole, #& 15pum.
Another point of view can be fixing a frequency and observe ahplitude shift for each

analyte thickness. If we plot this situation, fixing the frequencl,at, we get the curve that is
shown at figure3.31. Now, we are going to be able to sense until we have two equal values of
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amplitude for two different thickesses. We can observe that this occurs for a thickness of
approximately 13um.

-10 1

-15 4

-20 1

Amplitude {dB)

-25 4

'30 T T T T
0 10 20 30 40 50

Analyte thickness (um)
FIG.3.31. Amplitude in dB of the structure versus analyte thickness.

With these results we can conclude that this structure is able to detect thicknesses
larger than 15um if we focus on the frequency shift, and thicknesses belowrh3f we focus

on the amplitude shift; so there is only a little gap betweenub3and 15um that cannot be
distinguishable.

A further study is also made to compare the values with the ones astiien the
previous structure oh = 75um. First, the maximum peak frequency shift can be observed in
figure 3.32.
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FIG.3.32 Peak frequency shift of the structure versus analyte thickness.
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Here, a maximum frequency shift of 7% is achieved for an &n#iickness of 3@um,
while in the last structure; we obtained a shift of 11% for the same thickness. For these values,
we obtain the sensitivity that varies between 0.8 and 3.4, values similar to those obtained
previously. Regarding the FoM, we are i ttange between 0.05 and 0.3, somewhat lower
than in the previous case, see figl8&3.
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FIG.3.33. (a) Sensitivity for the anomalous ET (solid curve). (b)féotfle anomalous ET.

To finish this study, we analyze the relationship between the perntittig and the
analyte thickness. What is expected is that with very tiny analyte thickness, we would be
capable to detect materials with very high permittivity; whereas with thick enough analyte, we
would be able to detect also a very small permittivigor this, we have taken values of
permittivity between 2.5 and 10, as most materials that may be interesting to detect meet at
that range, and the analyte thickness, as before, betwe@mCand 30um. We have assumed
as detectable those values of permittivthat present a peak followed by a pole (anomalous
ET). Results of the simulation can be shown at figL34.
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FIG.3.34. Permittivity detectable vs. analyte thickness.
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From this study we can conclude thatr a thickness of 3im, we can detect mateais
with a permittivity of 10. If we increase the analyte thickness to 20, we can detect
permittivities as small as 2.5. We have also represented the results of the transmission
coefficient for some analyte thicknessesyi®, 10um and 20um) in contour pbts that can be
observed at figure 4.35, where we can see clearly how the frequency location of the peak at
the anomalous transmission varies according to the permittivity in each case. Bi@&@)
shows the contour plot of a simulated analyte of thieka 3um. We can observe that the null
of transmission (pole) frequency is almost unchanged as the permittivity grows. In figure
3.35(b) we can observe the contour plot of a simulated analyte of thicknepslt this case
a frequency redshift of the pelis observed when the permittivity increases. Last, figure
3.35(c) shows the same contour for an analyte thickness ofu®0 Here we can observe,
besides the frequency redshift of the pole, another null of transmission at higher frequencies
due to the sulstrate resonances.
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06 07 08 09 10 11 1 06 07 08 09 10 11 12 06 07 08 09 10 11 12

Frequency (THz) Frequency (THz) Frequency (THz)

(a) (b) ()

FIG.3.35. Contour plot of the analyte permittivity versus frequency for different analyte
thicknesses: (&),= 3pum. (b) h,=10pum. (c)hy,=20 pum.

To sum up, we can say that this structure presents good performance as thirefisors
and as a refractometer, with very promising quality values. Regarding its use as a fungi
detector, its performance is far from optimal, due to the large size difference between the
hole and the spheres, as said befoNext, a differentype of stru¢ure with promisingresults
as fungi detectodevicewill be studied.
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3.3. Densely Packed Frequency Selective Surface

The last sensing platform considered in this work is based on thealksl Densely
Packed Frequency Selective Surfaces (DRPR88syonsider here two DPFSS, one capacitive
and another inductive, and analyze two different configurations: without ground plane, in
transmission; and with ground plane, where we evaluate the reflection. Our aim is to assess
their behavior both as a redictometer and fungi detector.

3.3.1. Capacitive structure

The unit cell of this structure consists of a metallic patch of aluminum (lossy metal)
thin film of 0.4um thickness and conductivitya = 3.56 10’ S/m. on top ofa PP substrate of
thicknesshpp= 29um, permittivity gp= 2.25, and lost tangerdbp= 0.001. The schematic and
boundary conditions of this structure can be shown at figBu&6. We are going to study two
cases, with different boundary conditions:

1 With a ground plane: in this casdyet ground plane thickness isg = 1.2pm and
we study the reflection of the structure (S11 parameter).

1 Without ground plane: we study the transmission of the structure (S21
parameter).

A/pp'

(a) (b)

FIG 3.36.(a) Schematic of the unit cellith a ground planeDimrensions: polypropylene
substrate heighthep=29 um; unit celllateral period, d, = 36.4 um; aluminum thickness,
ha = 04; ground plane thicknes$; = 1.2um. Dielectric properties of the substrate: PP
permittivity, ep= 2.25 lost tangent,dhp= 0.0QL . Electric properties of the metallic film:
Aluminum electric conductivitys, = 3.563 10° S/m. (b) Boundary conditions of the unit
cell
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This is, as in the case of the craf§gole, a patckhype structure, so it will behave as a
notch filter at the ressonance frequency. In the simulations only normal incidence is considered
with orthogonal polarizations, vertical and horizontal, and the same simulation characteristics
as before: Wit Cell boundary conditions mandy axes, and Open + Add Space (iexfectly
matched layers) iz axis, taking the excitation frolmax. The structure was simulated in the
frequency span from 0 GHz to 600 GHz. The frequency response of both cases, transmission
and reflection of the empty structure is shown at figuBe37. As vertical and horizontal
polarizations are almost identical, all the simulations are going to be under vertical polarization

and normal incidence.
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FIG.3.37. (a)Results of simulated transmission of the structure without ground pi@me
Results of simlated reflection of the structure with ground plane

It can be observedhat the structure without ground plane presents a stband
resonance afrr= 496 GHz in transmission, whereas the structure with ground plane has an
reflection dip at fra= 329 GHzwhere the reflection is around6.5 dB and, obviously the
transmission is null due to the presence of the ground plane. For simplicity, in this and the
following studies we will show only transmission for the structure without ground plane and
reflectionfor the structure with ground plane.

The behavior of the structure as a refractometer is now evaluated. With that aim in
view, we deposit an analyte 3 thick and vary its refractive index from 1 to 2 with a step
width of 0.2. The results of this simuiat, both transmission (without ground plane) and
reflection (with ground plane) are shown in figuB&8.
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FIG.3.38. (a) Transmission coefficient magnitude of the structure without ground plane ,
analyte thickness, =3 um and different refractive idex values(b) Reflection coefficient
magnitude of the structure with ground plane, analyte thicknbgs 3 um and different
refractive index values

We can observe that the frequency shift is larger as we increase the refractive index. In
particular br this structure, we have a minimum resonance frequency shift of 27 GHz in
transmission and a shift of 8 GHz in reflection, which corresponds with relative shift values of
5.5% and 2.4% respectively. The maximum frequency shift that we obtain occues ¢agh
wheren = 2, and have values of 125 GHz (25%) in transmission; and 80 GHz (24%) in reflection.
We can see this frequency shift in figlg:&9.
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FIG.3.39. (a)Resonanceréquency shift vs. refractive index fbog =3 pm, transmission
(b) Same a&), reflection configuration.

We can observe that the frequency shift achieved pietty similar for both
configurations, andll refractive index values, except the one witk 16, where we achieve a
larger frequency displacemen% increase) in theeflection case. From these values of
frequency shift, we obtain the sensitivity that varies betwekh? and 132 in the case of
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transmission; and betweed2 and 153in the case of reflection, see figuB40(a). Regarding
the FoM, it reaches values betwed®?22 and 024 in the transmission mode, whereas this
number rises to the range froh.1to 4.5in the reflection mode, see figui@40(b). This is due
to the different width of the FWHM in both cases. As it can be seen in f§88& it is much
reduced n the second case (reflection). Emy case, even the values for the transmission
configuration are still reasonably good and similar to the structures previously stubligd
with thinner analyte
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FIG.3.40. (a) Sensitivity for transmission configurati (purple curve), and the same for
reflection configuration (blue curve)Xb) FoM for transmission configuration (purple
curve), and the same for reflection configuration (blue curve).

As a next step in the study, now we are going to check the perforearficthis
structure as a fungi detector. As we did in the crdgmle, ten different simulations, first for
the structure without ground plane and then for the ground plane configuration have been
carried out depositing each time different fungi concexions, with the purpose of being able
to discriminate between them. This timeJue to convergence issues of the numerical
simulator with spheresfungi have been characterized as cylinders, with radius 2 pm,
height by = 1 um; and permittivityg,ngi = 8. As the unit cell of this structure has lower
dimensions than the ones studied previously, this time we have deposited lower fungi
concentrations too. Concretely, we have analyzed the following amounts of Nrgi, N =
20,N = 50 andN = 100. Seved simulations were made for each case, to observe statistically
where the resonance took place, and how big the variance between different samples within
the same cases. The results are shown in figudetl and table3.6.
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FIG.3.41. (a) Representatin of the frequency resonance for all the simulations carried out
for N=5 (red curve)N = 20 (blue curveN = 50 (cyan curve), arld= 100 (pink curve) for
transmission configuration. (b) The same as (ajdéiectionconfiguration.
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Table 3.6. (a) Frequency resonance for all the simulations carried out for each fungi
concentration, average and variance for each case for transmission configuréijofihe
same as (a) fareflection configuration.

As in case of crostipole, this variation of the res@ance frequency is due to the
arrangement of the fungi in the structure. For the rest of the study, we have taken the curves
closest to the average represented on taBlé, and represented them in figu42(b). As we

can observe, if we choose this cusyethe overlapping between the different fungi
concentrations disappears.
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FIG.3.42. (afront view of the structure witiN = 5,N = 20,N = 50, andN = 100 fungi
(purple cylinders)(b) Results of simulated transmission for different fungi concentration
(c) Results of simulated reflection for different fungi concentrations.

We can observe that the resonance frequency experiments a redshift in both
configurations, transmission and reflection, that increases with the fungi concentration. A
minimum frequency shift of 12 GHz (transmission) and 2.6 GHz (reflection), and a maximum of
104 GHz (transmission) and 65 GHz (reflection), that corresponds with a relative variation of
2.4%, 0.8%, 21%, and 20% respectively, can be observed for the extreme casds/ebgpec
=5 and\N =100 fungi. We can see this variation of the frequency plotted in figu&
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FIG. 3.43. (a) Resonance réquency shift vs.fungi concentration, transmission
configuration (b) Same as Jareflection configuration.

As it was seendjore forthe structure operating as a refractometer, the frequency
shift achieved is pretty similar for both configurations, transmission and reflection. In this case
the sensitivity varies between 0.4 and 1.8 in transmission, and between 0.3 and 0.8 in
reflection. As before, we have the opposite situation if we observe the FoM, since in this case
the values are higher in reflection than in transmission, with a maximum value of 0.02
(reflection) and 9.110* (transmission). This, again, can be explainechbse of the difference
between the width of the FWHM in both cases, being quite narrower in the case of reflection.

(See figures.44).
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Eventhoughthese values are smaller than in other studies perfornmte mustkeep

in mind that we are depositing versmall concentrations of fungi, and still are being able to
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detect them, so this demonstratethat this structure canbe envisagedas acompetitive
biological sensor.

Since this is a more complex structure, we have represented the surface currents and
electric field at the resonance frequency of the empty unit cell, to see in which areas the
intensity is greater, and filled these areas with fungi to test if we get a greater frequency shift.
(See figured.45 and3.46).

When the fungi are placed in the zemwhere the interaction with the electric field is
greater, we obtain a shift equivalent to the casd\of 100, but with onl\N = 16 fungi.

(a) f=496.2 GHz

577/

f=395.4GHz f=395.4GHz

(C) ‘v vy," (d) Z}_ F

Yy A .

()

1S21] (B

0.2 0:3 0.4 05 0.6
Frequency (THz)

FIG.3.45. (a)Electric field for the empty structure (transmission): arrow representation.
(b) Surface curms for the empty structure (transmission): arrow representation. (¢) The
same as (a) foN = 16 fungi placed at the regions or large electric field concentration and
transmission mode. (d) The same as (b)Nox 16 fungi placed at the regions or large
electric field concentration and transmission mode. {@ansmissiorcoefficient (purple
curve and comparison with the emptstructure, without fungi (black solid curv&r the
transmission mode
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(a) f=328.8GHz (b) f=328.8GHz
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FIG.3.46. (a) Electric field for the empty structure dflection): arrow representation. (b)
Surface currents for the empty structure (reflection): arrow representation. (c) The same
as (a) forN = 16 fungi placed at the regions or large electric field concentration and
reflection mode. (d) The same as (b) for 16 fungi placed at the regions or large electric
field concentration and reflection mode(e) Reflectioncoefficient (blue curvg and
comparison with the emptgtructure, without fungi (black solid curv&r the reflection
configuration

3.3.1.Indu ctive structure

As before, this time we have an aluminum thin film of Qué thickness and
conductivity, s5 = 3.56 10’ S/m on top of PP substrate of same thickndss = 29 um,
permittivity gp= 2.25, and lost tangentbp = 0.001. The same two configdion as in the
capacitive structure will be studied: transmission (without ground plane) and reflection (with
ground plane of thickneds; = 1.2um). The boundary conditions and the schematic of the unit
cell are shown in figurg.47.
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(b)

FIG 3.47.(a) Schmatic of the unit celwith a ground plane Dimensions: polypropylene
substrate heighthep=29 pm; unit celllateral period, d, = 36.4 um; aluminum thickness,
ha = 04 um; ground plane thicknes$; = 0.4um. Dielectric properties oftie substrate:

PP mrmittivity, ep= 2.25 loss tangent,gbp = 0.001. Electric properties of the metallic
film: Aluminum electric conductivitys, = 3.56% 10’ S/m. (b) Boundary conditions of the

unit cell

The same simulation characteristics have been chosen: orthogpolarizations,
vertical and horizontal; and the same simulation characteristics as befaieQgll boundary
conditions inxandy axes, and Open + Add Space (i.e. perfectly matched layeraXis, taking
the excitation fromZmax. The structure was siulated in the frequency span from 800 GHz to
1500 GHz in the case of transmission; and from 600 GHz to 1000 GHz in the reflection
configuration. We can see the transmission and reflection of the empty inductive structure for

vertical polarization in figer3.48.
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FIG.3.48. (a) Results of simulated empty structuréb) Results of simulated vertical
absorption empty structure.
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Inductive structures always have a peak of transmission in DIC=(8tHz) due to its
equivalent inductive circuit, where an inchiance acts as a short circuit. In our case, this is not
different. The structure presents a peak of transmission, but this peak is too wide and not
convenient for sensing applications. Therefore, we chose to work with the first dip after the
transmissiorpeak which is narrower.

It can be observedhat the structure without ground plane presents a stband
resonance aftgr= 1280 GHz in transmission, whereas the structure with ground plane has an
reflection dip at fra = 856 GHz, where the reflection isoand -5 dB and, obviously the
transmission is null due to the presence of the ground plane. We realize that with the same
dimensions as for the capacitive structure, the resonance in this case is located at much higher
frequencies in both cases: 1280 Ghitead of 496 (transmission), and 856 GHz instead of 329
GHz (reflection).To study the inductive structure behavior as a refractometer, we have
deposited, again, analyte of thicknessu® and varied its refractive index from 1 to 2 with a
step width of 02. The results of this simulation, both transmission and absorption are shown
in figure3.49.
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0.8 1.0 1.2 1.4 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Frequency (THz) Frequency (THz)

(a) (b)

FIG.3.49. (a)Transmission with analyte thicknégs= 3 um and different refractive index
values.(b)Reflectiorwith analyte thicknesh, =3 pm and differentrefractive index values

Again, the frequency shift increases with the refractive index. In this case, we have a
minimum frequency shift of 74 GHz in transmission, and a frequency shift of 44 GHz in
reflection. These values correspond with relative shift§.8% and 5.14% respectively, greater
than the shift values reached in the capacitive structure (4.7% and 1.3%). This structure also
has greater maximum shift values, reaching a displacement of 325 GHz (25.4%) in
transmission, and 208 GHz (24.3%) inexfon, overtaking the 19% and 20% of the previous
structure. We can observe this frequency shift in figure 3.50.
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FIG.3.50. (a)Resonanceréquency shift vs. refractive index fog =3 um, transmission(b)
Same as (areflection configuration.

Fromthese values of frequency shift, we obtain a sensitivity that varies between 304
and 364 for the transmission configuration, and between 132 and 220 for the reflection mode.
Thus in terms of sensitivity solely the transmission structure has better qualites. But,
regarding the FoM, the transmission mode has values between 0.53 and 0.6, while the
reflection configuration reaches values from 1.2 to 2%ee figure3.51). This difference
between both cases is due to the narrower FWHM of the reflectiodeno
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FIG.3.51 (a)Sensitivity for transmission configuration (purple curve), and the same for
reflection configuration (blue curve)b) FoM for transmission configuration (purple
dotted curve), and the same for reflection configuration (blue dottedselt

We can observe that the values reached for the sensitivity are better in this
structure than in the capacitive one, having maximum values of 364 (transmission) and 220
(reflection) in the inductive structure instead of 124 (transmission) and 108¢tafn) in the
capacitive. On the other hand, the values of FoM are also a little better for the transmission in
this case (0.6 vs 0.2), but lower for the reflection configuration (maximum of 2.1 vs maximum
of 3). This comparison and the following betwdasth structures is presented at the end of
this section, in tabl&.7.
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The procedure to perform the study of the structure as a fungi detector is the same
as before: fungi characterized as cylinders, with radjus 2 um, heighth; = 1 ym; and
permittivity Gu.gi = 8; and concentrations & = 5,N=20,N = 50 and\ = 100; and temlifferent
simulations, first for the structure without ground plane and then for the ground plane
configurationfor each case. We can observe the results of all the simuktiofigure3.52 and
table 3.7.
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Frequency (THz) Frequency (THz)
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FIG3.52. (a) Representation of the frequency resonance for all the simulations carried out
for N=5 (red curve)N = 20 (blue curve = 50 (cyan curve), and= 100 (pink curve) for
transmission configurationfor vertical polarization (inset) (b) The same as (a) for
reflection configuration.

Frequency resonance for different simulations (GHz) Average(GHz) Variance
1] 1280.8
5 12448 1276.0 1250.8 1270.0 12484 1241.2 1250.8 1252.0 1276.0 1274.8 1258.4 195.5
20 1163.2 1181.2 1183.6 1196.8 11680 11788 1216.0 1177.6 1168.0 1178.8 1181.5 268.8
50 1058.8 1092.4 1073.2 1084.0 1118.8 1060.0 1084.0 1070.8 1091.2 1159.6 1089.3 919
100 1054.8 1036.0 1032.4 1010.8 1012.0 1003.6 1025.2 1016.8 1025.2 1054.8 1022.6 389
(b)

Frequency resonance for different simulations (GHz) Average(GHz) Variance

5 846.4 837.6 851.2 840.8 840.8 839.2 834.4 852.0 852.8 824.0 840.8 22,6
20 794.4 805.6 794.4 794.4 805.6 800.8 798.4 791.2 797.6 791.2 800 45.6
50 729.6 746.4 734.4 747.2 733.6 729.6 727.2 740.8 730.4 747.2 742.6 96.5
100 697.6 680.8 700.8 682.4 706.4 711.2 696.0 703.2 681.6 700.8 695.2 68.5

Table 3.7. (a) Frequency resonance for all the simulations carried out for each fungi
concentration, average and variance for each case for transmission configuréijonihe
same as (a) foreflection configuration.

As in the capacitive structure, and for the rest of the study, we have taken the curves
closest to the average represented in tal8e7, and represented them in figur8.53. If
choosing this curves, the overlappibgtween the different fungi concentrations disappears.
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FIG.3.53. (a)Front view of the structure witiN = 5,N = 20,N = 50, andN = 100 fungi
(purple cylinders)(b) Results of simulated transmission for different fungi concentrations
(c) Results adimulated reflection for different fungi concentrations.

We can see that there is a redshift on the frequency resonance for both configurations,
which increases with the fungi concentration. This time, we have a minimum frequency shift
(N = 5) of 21.6 (B8%) for transmission configuration, and 15.2 (1.77%) for reflection
configuration. The maximum frequency shit£ 100) that we have achieved is 258 GHz (20%)
for transmission and 161 GHz (19%) for reflection; values similar to what we observed in the
capacitive structure. We can observe this frequency shift plotted in fiGusd.
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FIG.3.54. (a) Resonanceréquency shift vsfungi concentrationfor vertical polarization,
transmission configuratian(b) Same as Jareflection configuration.
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The valus are rather similar in both configurations, and also with respect to the values
achieved for the capacitive structure. The sensitivity has been plotted in fgyb®e It reaches
values between 1.3 and 5.8 in transmission, and between 0.9 and 3.2 iati@ileThis means
an enhancement of 69% (transmission) and 75% (reflection) from the capacitive structure.
Regarding the FoM, we have a maximum ®L®® in transmission, and 0.04 in reflection.
Again, we obtain larger values than in the previous structwréh an increment of 90%
(transmission) and 50% (reflection).
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FIG.3.55. (a) Sensitivity for transmission configuration (purple curve), and the same for
reflection configuration (blue curve)Xb) FoM for transmission configuration (purple
dotted curve, and the same for reflection configuration (blue dotted curve).

As we did in the previous structurgye have represented the surface currents and
electric field at the resonance frequency of the empty unit cell, to see in which areas the
intensity islarger, and filled these areas with fungi to test if \yet a greater frequency shift,
see figure3.56 and3.57.

When placing the fungi in regions where the interaction with intense electric field, we
obtain the curves plotted in figure.56(e) and3.57(e). A we can observe, we have a
frequency shift of 187 GHz (transmission) and 88 GHz (reflection); so we are achieving a shift
equivalent to the caseN = 50, but with onlyN = 14, which highlights, once again, the
importance of the fungi location.
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FIG.3.56. (a) Electric field for the empty structure (transmission): arrow representation.
(b) Surface currents for the empty structure (transmission): arrow representation. (¢) The
same as (a) foN = 14 fungi placed at the regions or large electric field coneiatn and
transmission mode. (d) The same as (b) Nox 14 fungi placed at the regions or large
electric field concentration and transmission mode. (BJansmissioncoefficient for
vertical polarization gurple solid curve and comparison with the emptgtructure,
without fungi (black solid curvédr the transmission mode
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(b) f=856GHz

f=768GHz
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FIG.3.57. (a) Electric field for the empty structure (reflection): arrow representation. (b)
Surface currents for the empty structure (reflection): arrow representation. (c) Tine sa
as (a) forN = 14 fungi placed at the regions or large electric field concentration and
reflection mode. (d) The same as (b) for 14 fungi placed at the regions or large electric
field concentration and reflection modé¢e) Reflectiorcoefficientfor vertical polarization
(blue solid curve and comparison with the emptgtructure, without fungi (black solid
curve)for the reflection configuration

To sum up, a comparison between both structures, capacitive and inductive; and both
configurations, trasmission and reflection are shown in tal#e8. Table3.8(a) shows the
comparison between both structures acting as a refractometer. If we focus on the quality
parameter, the FoOM, we can observe that in this case the inductive structure has quite better
vaues than the capacitive. In tabl@8(b) we can observe the comparison between both
structures acting as a fungi detector. Again, looking at the FOM we can said that the inductive
structure presents better values. We can also note that, in general, ghsits/ity reaches
higher values in the transmission configuration. However, we have the oppositefdfcws on
the FoM, being the values reached by the reflection configuration notably higher. As we said
before, the FOM is a more realistic and practigatameter to measure the quality of a sensor,

SO we can say that the structure with ground plane (reflection) may be better option for the
task of sensing.

Anyway, with the results obtained in this study, we can say that these structures, both
capacitiveand inductive, presents good performance as fungi detector in both configurations
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(transmission and reflection). In fact this structure is able to detect extremely small amount of
fungi (N = 5), with a notable frequency shift.

(a)

Inductive

Capacitive

Reflection

Transmission

Reflection

Transmission

Empty structure Resonance (GHz)

Resonance (GHz) 492 329 1279.4 825.6
AF (%) 0.8 0 0
Resonance (GHz) 465.6 320.4 1206.6 796
Af (%) 6.2 26 5.7 3.6
Resonance (GHz) 439.2 301.8 1142.2 756
Af (%) 11.4 8.26 10.7 8.4
Resonance (GHz) 414.4 271.2 1081.3 730.4
AF (%) 16.4 17.6 15.5 11.5
Resonance (GHz) 389.6 261 1018.3 704
Af (%) 214 20.7 20.4 14.7
Resonance (GHz) 367.2 248.4 955.3 660
Af (%) 26 24.5 25.3 20
Sensitivity 112-132 42-153 304-364 228-220
FoM 0.22-0.24 1.1-4.5 0.53-0.6 1.2-2

(b)
Capacitive Inductive

Transmission Reflection Transmission Reflection

Resonance (GHz)

Resonance (GHz) 483.2 326.5 1252 840
Af (%) 2.6 0.8 2.2 1.9
Resonance (GHz) 449.5 316.1 1181.2 800
Af (%) 9.4 4 7.8 6.5
Resonance (GHz) 411.2 291.9 1091.2 740.8
Af (%) 17.1 11.3 14.8 13.5
N =100 Resonance (GHz) 380.9 264.7 1025.2 696
Af (%) 23.2 19.5 20 18.7
Sensitivity 0.5-1.8 0.4-0.8 1.3-5.8 0.9-3.2
FoM (max) 3.4x10° 1.4x102 0.9x107 0.02

Table 3.8. Comparison étween capacitive structure and inductive structure (a)
Comparison of both structures as a refractometer. (b) Comparison of both structures as a

fungi detector.
3.4. Experimental measurements

Up to now, n this chapter wehave numericallyevaluated diffeent DRFSS, of both
types capacitive and inductiveln this section we present the initial experimental
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measuements we carried out to demonstrate the previous findingd.the prototypeswere
fabricated on a thin film PP substrat€he FSS was lithogfsipally patternedon a 0.35pum

thick Al layer sputtered on the P#lab via vacuum thermal deposition method. Prior to
sputtering, the PP film was treated with a glow discharge in Ar atmosphere to improve
adhesion of Al to PH.o pattern the FSS, we ermgkd a contact photolithographyechnique,
which was pecifically adapted to flexible solid filsubstrates, such as PP, whose industrial
production does not &w obtaining a liquid material suitabfer posterior film deposition via
spin coating.The microsope pictures of thehree prototypes and line width can be seen in
figure 3.58 and table 9. The geometries of the fabricated B¥SS prototypes are listed within
the table 3.10.

Table3. 9.Geometries of fabricated DPSS and PP thickness.

Fig.3.58. Microscope 100x magnifications ftire three prototypes.
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