UNIVERSIDAD COMPLUTENSE DE MADRID
FACULTAD DE CIENCIAS FISICAS

TESIS DOCTORAL

Design and characterization of nanometric resonant
structures and advanced concentration strategies applied to
photonic devices
Disefio y caracterizacion de estructuras resonantes y
estrategias de concentracion avanzada aplicadasa dispositivos
fotonicos
MEMORIA PARA OPTAR AL GRADO DE DOCTOR
PRESENTADA POR
Mahmoud Hamdy Elshorbagy

Directores

Javier Alda
Alexander Cuadrado

Madrid

© Mahmoud Hamdy Elshorbagy, 2020



Complutense University of Madrid
Faculty of Physical Sciences

Department of Optics

PhD Thesis

Design and characterization of
nanometric resonant structures and
advanced concentration strategies
applied to photonic devices

This dissertation is submitted to
the PhD Program in Physics of the University Complutense of Madrid

Author: Supervisors:

MG

June 29, 2020






Universidad Complutense de Madrid
Facultad de Ciencias Fisicas

Departamento de Optica

Tesis Doctoral

Diseno y caracterizacion de
estructuras resonantes y estrategias
de concentraciéon avanzada aplicadas

a dispositivos fotonicos.

Programa de Doctorado en Fisica de la Universidad Complutense de Madrid

Directores:
Prof. Javier Alda
Dr. Alexander Cuadrado

Autor:
Mahmoud Hamdy Elshorbagy

June 29, 2020









Abstract

Efficient low-cost optoelectronic devices are used for many applications, for example, en-
ergy production, and sensing. The development of these devices can be step-forward using
nanophotonic and nanoplasmonic structures. In this dissertation we propose, design, and an-
alyze several nanostructures to improve the performance of these devices.

For energy applications, we select amorphous silicon hydrogenated, and perovskite/crys-
talline silicon tandem solar cells. We choose amorphous silicon solar cells because this material
is abundant, non-toxic, long-life compared to organic solar cells, and can be fabricated at a
low cost. The tandem perovskite/crystalline silicon solar cells are devices with potential power
conversion efficiency > 30 %. Our designs are based on dielectric nanostructures. We applied
a 1D nanostructure array to the top and bottom of amorphous silicon hydrogenated solar cells,
in two separate designs. The absorption enhancement within the auxiliary layers of these de-
vices is dissipated as heat and partially mitigate the defects resulted from the Staebler Wronski
effect. A metasurface in the form of multilayer gratings embedded in the active layer of the
perovskite top cell of the tandem device, improves the absorption efficiency in the whole device.
A sawtooth periodic back texture has been optimized and tested to work with the metasur-
face for further improvement of the device performance. These nanostructures are arranged
to maximize the absorption efficiency of the selected solar cells, mainly by reducing their total
reflectance. The analysis and calculations are completed by modeling the conditions of the sun
illumination, i.e, unpolarized light, and oblique incidence. The performance of the devices is
calculated under these conditions.

We used metallic gratings with different arrangements embedded in a dielectric buffer layer
to excite surface plasmon resonances at metal/dielectric interfaces using normal incidence con-
ditions. We optimize the designs using a merit function, which is carefully selected to maximize
the sensing characteristics: sensitivity, figure of merit, and dynamic range. Two different opti-
mized metallic gratings (nanoslits, and multilayer metal/dielectric grating structure) provide
sensors with high sensitivity and figure of merit. However, the dynamic range of these de-
vices is limited. High refractive index scatterers made of dielectric material embedded in low
refractive index host, improve the dynamic range of the proposed devices. The improvement
is attributed to the high refractive index contrast around the scatterers. We optimize several
designs to work as refractometric sensors: ZnO nanoprisms embedded in MgFy substrate, a
SisNy4 high aspect ratio grating in the analyte, and a GaP rectangular grating embedded in a
MgF2 buffer layer. We found that a GaP rectangular grating in a MgFy buffer layer produces
a Fano resonance, and provides a sensor for which the three characteristics of the senor are
enhanced together. In this case, the refractive index contrast of the scatterer is the largest one
obtained with the studied materials. A high sensitivity, and figure of merit over a wide range
of changes in the refractive index of the sensed medium were achieved.

We also proposed hybrid devices that can produce an electrical signal, and enhance their
capabilities for sensing applications. We do that by exciting plasmonic resonances in these
devices, and make them spectral selective. The direct readout of the electrical signal from
these devices, and its relation to environmental changes, provides simple operation, low-cost,
and compact sensors. A modified figure of merit is adapted for each one of these direct readout
devices. We adapt it from the operational mechanism and the working principle of each device.



Resumen

Los dispositivos optoelectronicos eficientes y de bajo coste se utilizan en muchas aplica-
ciones. Por ejemplo, en la produccién de energia y en sensores. La incorporacion de estructuras
nanofoténicas y nanoplasmonicas es un paso adelante en el desarrollo de estos dispositivos. En
esta tesis doctoral proponemos, disenamos y analizamos varias nano-estructuras que mejoran
el rendimiento de estos dispositivos.

En aplicaciones para energia, hemos selecionado células de silicio amorfo hidrogenado, y
células tandem de perovskitas y silicio cristalino. Hemos elegido las células solares de silicio
cristalino porque es un material abundante, no téxico, de larga vida comparada con las células
orgénicas y fabricadas a bajo coste. Las células tdndem perovskita/silicio cristalino son dis-
positivos con eficiencias de conversién superiores al 30 %. Nuestros disenos estdn basados en
nano-estructuras dieléctricas. Hemos aplicado una nano-estructura periédica 1D a la superficie
anterior y posterior de células solares de silicio amorfo hidrogenado en dos disenos separados.
El aumento de la absorcion en las capas auxiliares de estas células se disipa como calor y mitiga
parcialmente los defectos producidos por el efecto Staebler-Wronski. Una metasuperficie hecha
con redes apiladas en capas incluidas en las capa activa de la porcién superior de una célula
tandem mejora la eficiencia de absorciéon de todo el dispositivo. Una texturizaciéon con forma
de diente de sierra en la capa posterior de la célula tdndem ha sido optimizada y probada para
su funcionamiento en conjunciéon con la metasuperficie para mejorar todavia mas estas células.
Las estructuras propuestas maximizan la absorciéon debido a una reduccién de la reflectancia
total. El andlisis y los cdlculos se completan incluyendo las condiciones reales de iluminacién,
es decir, considerando luz con polarizacién natural e incidencia oblicua.

Hemos utilizado redes metélicas incluidas en capas dieléctricas en distintas configuraciones
para excitar resonancias de plasmones superficiales en las interfases entre metal y dieléctrico
en condiciones de incidencia normal. Nuestra optimizacién utiliza una funcién de mérito que
es cuidadosamente seleccionada para maximizar las caracteristicas de sensado: sensibilidad,
figura de mérito, y rango dindmico. Dos redes metdlicas optimizadas (nano-aperturas, y es-
tructuras de redes apiladas metdlicas y dieléctricas) dan lugar a sensores con alta sensibilidad y
figura de mérito. Sin embargo, el rango dinamico de estos dispositivos esta limitado. El uso de
dispersores dieléctricos de alto indice de refraccion mejora el rango dindmico. Este aumento se
atribuye al alto contraste en indice de refracciéon entre los dispersores y el medio de alrededor.
Hemos optimizado varios disefnos para que funcionen como sensores refractométricos: nanopris-
mas de ZnO en un substrato de MgFs, redes de elevada razén de aspecto fabricadas en nitruro
de silicio en contacto con el analito, y redes con perfil rectangular de GaP en un sustrato de
MgFy. Hemos encontrado que la red rectangular de GaP en MgFy produce resonancias de
Fano, y genera un sensor en el que los tres pardmetros caracteristicos del sensor estan mejora-
dos. En este caso, el contraste entre indices de refraccién es el mayor y una alta sensibilidad,
una alta figura de mérito y una amplio rango dindmico para el indice de refraccién es obtenido.

También hemos propuesto dispositivos hibridos geu proporcional una sefial eléctrica, y
mejoran las capacidades de sensado. Esto se consigue mediante la excitacién de resonancias
plasménicas, que hacen a estos dispositivos espectralmente selectivos. La lectura directa de
una sefial eléctrica, que ademas esta relacionada con cambios en el ambiente, proporciona una
operacion sencilla, un bajo coste y un sensor compacto. En estos dispostivos, hemos adaptado
la definicién de la figura de mérito a esta lectura directa. Esta adaptacion se realiza en funcién
de los mecanismos de operacién y los principios de funcionamiento de cada dispositivo.



Long abstract

The aim of this thesis is to develop efficient photonic devices using reliable modeling,
design and optimization of practical nanophotonic, or nanoplasmonic structures, with potential
application in energy harvesting and sensing. We apply numerical electromagnetic simulation
based on the finite element method, using well established theories and physics to optimize the
performance of such devices.

The work in this thesis contains three sets of devices with various structures of different
scales: solar cells, plasmonic sensors, and solar cell based sensors. We always take into account
the feasibility of the devices, in both the fabrication and the modeling aspects of the design, by
being far from very complex designs and extremely tiny features. The computational package
Comsol multiphysics, based on the finite element method, is a useful tool to explore the optical
performance of the designs with the capability to optimize the devices in terms of materials,
geometries, and structures. With this tool, we find out the distributions of the optical fields, the
active and parasitic absorption at each layer of the proposed devices, and the total reflectance.

This thesis is divided into three parts as follow:
e Improving absorption efficiency of solar cells

Nano-photonic and nano-plasmonic structures enhance the optical performance of solar cells,
sensors, and a combination of them. Flexible, lightweight, and low cost energy harvesting and
testing devices for portable applications are based on thin films and nanostructures in what is
called third generation optoelectronics. Among thin film semiconductors, amorphous silicon is
an abundant material, non-toxic, and with moderate conversion efficiencies. The development
of devices using this material relies on the enhancement of the optical absorption efficiency
reducing the thickness of the active layer for a better collection of the photogenerated charge
carriers. Another challenge is to mitigate the defects caused by the Staebler Wronski effect.
These defects are thickness dependent, and can be recovered by annealing.

Planar antireflection coatings are not suitable for amorphous silicon hydrogenated (aSiH)
solar cells. Instead, its active absorption can be enhanced by using dielectric nanostructures
working as antireflection coatings. We focus our analysis on maximizing the short-circuit
current (Js¢) delivered by the cell under solar irradiance. We analyze first the planar aSiH solar
cell, taking into account every layer, including the buffer layers and contacts. A customized
design of an antireflection coating in the form of nanostructured dielectric layers, produces a
Jsc enhancement of 9% with respect to the reference flat solar cell, mainly due to the reduction
in reflectivity of the cell. Three different geometries of 1D nanostructures have been analyzed
and compared, obtaining quite similar results. An improvement in performance has been also
obtained for realizable geometrical dimensions that could be fabricated while maintaining the
electric conductivity of the front contact. Most of the enhancement from this nanostructure is
lost in the front layers, and dissipated as heat. Fortunately, this will help to partially mitigate
the defects caused by the Staebler-Wronsky effect.

Ultrathin aSiH solar cells grown on a one-dimensional dielectric subwavelength grating im-
prove the short circuit current by a factor of more than 50% when compared with conventional,
flat ultrathin aSiH devices. This improvement is possible due to several mechanisms. In ad-
dition to the increase in the exposed area caused by the nanostructured surface, a reliable
computational electromagnetic evaluation of the interaction of the solar spectrum with the cell



structure demonstrates that absorption at the active layer is enhanced and also reflectivity is
decreased. Besides, the absorbed power at the nonactive layers is larger, helping to increase
the temperature and mitigate the defects. The detailed analysis of the power flux inside the
structure has also shown that funneling and guiding mechanisms are at play, increasing the
optical path within the active layer, and producing a better performance of the cell.

Solar energy is now dealing with the challenge of overcoming the Shockley—Queisser limit
of single junction solar cells. Multilayer solar cells are a promising solution in the so-called
third generation of solar cells. The combination of materials with different bandgap energies
in multijunction cells enables power conversion efficiencies up to 30% at reasonable costs.
However, interfaces between different layers are critical due to their optical losses. We propose
a hybrid metasurface in a monolithic perovskite/crystalline silicon solar cell. The design takes
advantage of the customized light management to optimize the absorption in the perovskite, as
well as an efficient light guiding towards the silicon subcell. Furthermore, we have also included
the effect of a textured back contact. The optimum proposal provides an enhancement of the
matched short-circuit current density of a 20.5% with respect to the planar reference without
nanostructure. We also study the effects of materials and geometry on the optical performance
of layers forming the nanostructure. Our proposed design increases the performance of both
subcells by managing light towards the active layer, as well as by minimizing reflections losses
at the interfaces. We sweep both the refractive index and thickness of the transport layers and
the dielectric spacer composing the metasurface, obtaining a range of these parameters for the
proper operation of the device. Using these values, we obtain a reduction in the optical losses.
In particular, they are more than a 33% lower than those of a planar cell. This approach leads
to an enhancement in the optical response, widens the possibilities for the manufacturers to
use different materials, and allows wide geometrical tolerances.

o Plasmonic sensors with high performance

The sensitivity of plasmonic sensors based on conventional Kretschmann configuration is
limited to a theoretical maximum of 600 deg/RIU, for angular interrogation. Even, this limit
can be reached at the cost of the device dynamic range, which is decreased at this high sensitiv-
ity. The angular and spectral interrogation methods require goniometers and high resolution
spectrometers for optical signal illumination and detection. One way to simplify this sensing
mechanism is to develop devices based on normal incidence conditions. These devices are
compact and can be attached to the tip of an optical fiber. We propose several designs to
improve the performance of plasmonic sensors that are based on normal incidence conditions.
The most important quality parameters of the plasmonic sensors are: sensitivity, figure of
merit (FOM), linearity, dynamic range, and limit of detection. In each design, we maximize
sensitivity and FOM. Depending on the physical mechanism at play, and the materials forming
the nanostructure, we find also, that the dynamic range extends very significantly.

A metallic nanostructured array that diffracts radiation toward a thin metallic layer gen-
erates surface plasmon resonances for normally incident light. The location of the minimum
of the spectral reflectivity serves to detect changes in the index of refraction of the medium
under analysis. The geometry of the arrangement and the material selection, are changed to
optimize some performance parameters as sensitivity, the figure of merit, field enhancement,
and spectral width. This optimization takes into account the feasibility of the fabrication. The
optimized design has a maximum value of sensitivity as 1000 nm/RIU, and figure of merit 705
RIU™!, which are competitive with those previously reported. The dynamic range of these



designs ranges from 1.33 to 1.35 RIU. This range is improved compared with Kretschmann
configuration devices.

We have also analyzed a refractometric sensor realized as a stack of metallic gratings with
subwavelength features and embedded within a low-index dielectric medium. Light is strongly
confined through funneling and guiding mechanisms and excites resonances that sense the
analyte medium. Two terminations of the structure are compared. One of them has a dielectric
medium in contact with the analyte and exploits the selective spectral transmission of the
structure. The other design has a metallic continuous layer that generates surface plasmon
resonances at the metal/analyte interface. Both designs respond with narrow spectral features
that are sensitive to the change in the refractive index of the analyte and can be used for sensing
biomedical samples. In this design, having the same dynamic range as the metallic slits sensor,
the sensitivity and the FOM are greatly improved, reaching values of 1130 nm/RIU and 2100
RIU™!, respectively.

A periodic array of extruded nanoprisms is proposed to generate surface plasmon resonances
for sensing applications. Nanoprisms guide and funnel light towards the metal/dielectric in-
terface where the dielectric acts as the medium under test. The system works under normal
incidence conditions and is spectrally interrogated. The performance is better than some de-
signs based on classical Kretschmann configurations, and the values of sensitivity and figure of
merit are competitive with other plasmonic sensor technologies. The geometry and the choice
of materials have been made taking into account applicable fabrication constraints. Although
the values of sensitivity and FOM are moderate and lower than the maximum theoretical
limit of the Kretschmann devices, they are still competitive with some other reported designs.
Furthermore, the dynamic range is extended up to 1.43 RIU, which is x4 larger than our
two designs above (nanoslits, and the multi-layer gratings), and the Kretschmann counterpart.
Here, the use of low loss dielectric grating to excite surface plasmon resonances improves the
dynamic range of the device by better coupling the incoming light to the resonant mode. Fur-
thermore, the refractive index contrast of the aluminum zinc oxide embedded in MgFs also
helps to extend the dynamic range.

We use the findings of the nanoprism design to reconfigure the structure and propose a
nanostructured device that hybridizes grating modes and surface plasmon resonances. The
design uses an effective index of refraction that considers the volume fraction of the involved
materials, and the propagation depth of the plasmon through the structure. Our geometry is
an extruded low-order diffraction grating made of dielectric nano-triangles. Surface plasmon
resonances are excited at a metal/dielectric interface, which is separated from the analyte by
a high-index dielectric layer. The optical performance of the refractometric sensor is highly
competitive in sensitivity and figure of merit because of the ultra-narrow spectral response
(below 0.1 nm). Moreover, it is operative within a wide range of the index of refraction (from
1.3 till 1.56 RIU), and also works under normal incidence conditions.

High sensitivity, FOM, and wide dynamic range is a challenge to achieve large values for
all of them together in one device. We designed a plasmonic refractometric sensor that works
under normal incidence conditions, allowing its integration on a fiber tip. The sensor’s material
and geometry exploit the large scattering cross-section given by high-contrast of the index of
refraction subwavelength dielectric gratings. Our design generates a hybrid plasmonic-Fano
resonance due to the interference between the surface plasmon resonance and the grating
response. We optimize the sensor with a merit function that combines the quality parameter
of the resonance and the field enhancement at the interaction volume where the plasmon



propagates. Our device shows a high sensitivity of 1000 nm/RIU, and a high FOM equal to
775 RIU™!. Also, the dynamic range extends to an extreme value of 2 RIU. This is possible
thanks to the high refractive index contrast achieved by GaP (n=3.141 at A =1350 nm),
embedded in MgFy (n=1.37 at A =1350 nm).

e Direct readout low-cost plasmonic sensors

In the last part of this dissertation, we designed sensing devices that combine both solar cells
or bolometric effect with plasmonic effects. These devices are simpler and cheaper alternatives
to conventional plasmonic sensors.

The bolometric effect allows us to electrically monitor the spectral characteristics of the
plasmonic sensor. It provides a lower cost and simpler sample characterization compared with
angular and spectral signal acquisition techniques. In this device, a monochromatic light source
illuminates a spectrally selective plasmonic nanostructure. This arrangement is formed by a
dielectric low-order diffraction grating that combines two materials with a high-contrast in
the index of refraction. Light interacts with this structure and reaches a thin metallic layer,
that is also exposed to the analyte. The narrow absorption generated by surface plasmon
resonances, hybridized with low-order grating modes, heats the metal layer where plasmons
are excited. The temperature change caused by this absorption modifies the resistance of a
metallic layer through the bolometric effect. Therefore, a refractometric change in the analyte
varies the electric resistivity under resonant excitation. We monitor the change in resistance
by an external electric circuit. This optoelectronic feature must be included in the definition
of the sensitivity and figure of merit parameters. Besides the competitive value of the FOM
(around 400 RIU™!), the proposed system is fully based on optoelectronic measurements. The
proposed refractometer behaves linearly within a range centered around the index of refraction
of aqueous media, n=1.33, and can be applied to the sensing of specimens in bio-physics,
biology, and environmental sciences.

Perovskite solar cells are currently considered a promising technology for solar energy har-
vesting. Their capability to deliver an electrical signal when illuminated can sense changes in
environmental parameters. A modified perovskite cell can also work as a refractometric sensor
by generating surface plasmon resonances at its front surface. Metal-dielectric interfaces are
necessary to excite plasmonic resonances. However, if the transparent front of a perovskite cell
is replaced by a uniform metal layer, the optical absorption at the active layer decreases sig-
nificantly. This absorption enhances again when the front metallic surface is nanostructured,
adding a periodic extruded array of high aspect-ratio dielectric pyramids. This relief excites
surface plasmon resonances through a grating coupling mechanism with the metal surface. Our
design allows a selective absorption in the active layer of the cell with a spectral response nar-
rower than 1 nm. The photo-current generated by the cells becomes the signal of the sensor.
The device employs an optoelectronic interrogation method, instead of the well-known spectral
acquisition scheme. The sensitivity and FOM parameters applicable to refractometric sensors
were adapted to this new situation. The design has been customized to sense variations in the
index of refraction of air between 1.0 and 1.1. The FOM reaches a maximum value of 1005
RIU™!, which is competitive when considering some other advantages, as the easiness of the
acquisition signal procedure and the total cost of the sensing system.

We proposed and analyzed another design that uses metallic nanoslits to generate surface
plasmon resonances at the front surface of a perovskite cell. The device uses the variation



of the current delivered by a perovskite cell to detect changes in the index of refraction of
air, that is in contact with the front surface of the cell. The calculation identifies which
geometrical and material structures enhance this behavior. After replacing the top transparent
electrode of a solar cell with an optimized subwavelength metallic grating, we find a large
variation in the responsivity of the cell with respect to the change in the index of refraction
of the surrounding medium. Such a refractometric sensor can be interrogated electronically,
avoiding the cumbersome set-ups of spectral or angular interrogation methods. We present
an adaptation of the performance parameters of refractometric sensors (sensitivity and FOM)
to the case of optoelectronic interrogation methods. The values of sensitivity and FOM are
promising for the development of refractometric perovskite-based sensors.
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Resumen largo

El objetivo de esta tesis es el desarrollo de dispositivos foténicos eficientes que se realiza
mediante un modelado, disefio y optimizacion fiables de estructuras nanofoténicas o nanoplas-
monicas realizables, con aplicacién potencial en la recoleccién de energia y en el sensado. Para
ello, aplicamos simulaciones numéricas electromagnéticas basadas en el método de elementos
finitos, usando modelos tedricos y fisicos bien establecidos para la optimizacién del rendimiento
de los dispositivos.

Este trabajo esta distribuido en tres tipos de dispositivos con estructuras en escalas difer-
entes: células solares, sensores plasmoénicos, y sensores basados en células solares. Siempre
hemos tenido en cuenta la realizaciéon practica de los dispositivos, tanto en los aspectos de
fabricacion como del propio modelado, tratando de evitar disenos muy complejos y rasgos ex-
tremadamente pequefios. El paquete computacional Comsol Multiphysics, basado en elementos
finitos, ha sido una herramienta muy til para explorar el rendimiento 6ptico de los disefos,
y ha permitido optimizarlos en funciéon de los materiales, la geometria y la estructura de los
mismos. Con esta herramienta hemos obtenido los campos épticos, las absorciones en las capas
activas y las absorciones parasitas, y la reflectancia total del dispositivo.

Por ello, esta tesis esta dividida en tres partes:

e Mejora de la eficiencia y absorcién de células solares

Las estrucuras nano-foténicas y nano-plasmoénicas mejoran el rendimiento de las celu-
las solares, los sensores y las combinaciones de los mismos. Los sensores y dispostivos
recolectores de energia flexibles, ligeros, y de bajo coste estan basados en laminas del-
gadas y nano-estructuras en lo que se viene en denominar como optoelectronica de tercera
generacién. Entre los semiconductores de capa delgada, el silicio amorfo es un material
abundantemente, no toxico y con una eficiencia de conversién aceptable. El desarrollo de
dispositivos que utilicen este material requiere una mejora de su eficiencia de abosrcion,
reduciendo el espesor de su capa activa para mejorar la recoleccion de los portadores de
carga fotogenerados. Otro reto anadido es la mitigacion del efecto Staebler-Wronski, que
es dependiente del espesor y puede ser reducido a través de efectos térmicos.

Los recubrimentos antirreflejantes planos no son apropiados para celulas solares basadas
en silicio amorfo hidrogenado (aSiH). En su lugar, la absorcién en su capa activa puede
aumentarse utilizando nano-estructuras dieléctricas que trabajan como recubrimientos
antirreflejantes. Nuestro andlisis se concentra en la maximizaciéon de la densidad de cor-
riente en circuito cerrado (Js.) que proporciona la célula solar irradiada. Primero, anal-
izamos el comportamiento de una célula aSiH plana, teniendo en cuenta todas las capas,
incluyendo las capas de transiciéon y los contactos eléctricos. Un diseno particularizado
a este caso de un antirreflejante formado por capas de dieléctrico nano-estructuradas,
permite una mejora del 9% en .Js. con respecto a la referencia de una célula solar plana,
sobre todo debido a la reducién de la reflectancia de la célula. Tres diferentes tipos
de geometrias 1D de las nano-estructuras han sido analizadas y comparadas, obtenien-
dose resultados muy similares. Se ha obtenido una mejora del rendimiento mediante
nano-estructuras con geometrias realizables que pueden ser fabricadas manteniéndose la
conductividad eléctrica del contacto frontal. Buena parte de la mejora debida a la nano-
estructura se pierde en las primeras capas, y se disipa como calor. Afortunadamente,
esto ayuda a mitigar parcialmetne los defectos causados por el efeto Staebler-Wronski.



Las células solares de aSiH ultrafinas pueden ser depositadas y crecidas sobre una red
1D dieléctrica con periodo préximo a la longitud de onda. Este dispositivo genera una
corriente de circuito cerrado un 50% mayor que el debido a una célula aSiH ultrafina y
con geometria plana. Esta mejora es debida a varios mecanismos. Ademas del aumento
del area expuesta debida al perfil de la nano-estructura, un calculo fiable mediante elec-
tromagnetismo computacional indica que la absorcién en la capa activa aumenta, y que la
reflectividad disminuye. Ademaés, la potencia absorbida en las capas no activas es mayor,
lo que ayuda a incrementar la temperatura de la célula y disminuir sus defectos. El
analisis detallado del flujo de energia en el interior de la estructura también muestra que
los mecanismos de confinamiento y de guidado estdn jugando un papel importante, incre-
mentando el camino éptico dentro de la capa activa, y produciendo un mejor rendimiento
de la célula.

En el dmbito de la energia solar siempre es necesario tener en cuenta el limite de
Schockley-Queisser aplicable a células mono-uniéon. Las células de multi-unién son una
solucién prometedora en la llamada tercera generacién de células solares. La combinacién
de materiales con distintas bandas de absorcién en células multi-unién permite eficiencias
de conversién por encima del 30% a un coste razonable. Sin embargo, las fronteras entre
caras y las capas de transiccion son criticas, ya que aportan pérdidas. Hemos propuesto
una metasuperfice hibrida en una célula tdndem que combina una célula de perovskitas
y una célula de silicio cristalino. El disefio aprovecha la capacidad de manejar la luz para
optimizar la absorcién en la perovskita y guiar de manera eficiente la luz hacia la sub-
célula de silicio. Ademads, hemos afiadido el efecto de un superficie posterior texturizada.
La configuracién 6ptima proporciona un aumento de la corriente ajustada en cada una de
las capas del 256% con respecto a la obtenida por una célula sin nano-estructuras. El dis-
efio propuesto incrementa el rendimiento de ambas células ya que gestiona cémo se dirige
la luz hacia la capa activa, y a la vez minimiza las reflexiones en las interfases. Hemos
realizado un barrido en indice de refraccion y en espesor de las capas de transiccién y
de transporte, obteniendo un rango de esos pardmetros para la mejor operacién del dis-
positivo. Usando esos valores, obtenemos una reduccion de las pérdidas. En particular,
conseguimos pérdidas un 33% menores que las obtenidas para una célula plana. Estas
propuestas proporcionan un aumento de su respuesta éptica y amplia las posibilidades
de los fabricantes para utilizar diversos materiales y relajar las tolerancias geométricas.

Sensores plasmonicos de alto rendimiento.

La sensibilidad de sensores plasmoénicos basados en las configuraciones convencionales
de Krestchmann estd limitada a un maximo teérico de 600 deg/RIU cuando se utilizan
métodos de interrogacion angulares. Ademas, este limite se alcanza sacrificando el rango
dindmico que disminuye para esta alta sensibilidad. Los métodos de interrogaciéon angu-
lares y espectrales requieren el uso de goniémetros y espectrometros de alta resoluciéon
para la iluminacién y para la deteccién. Una manera de simplificar estos mecanismos
de sensado es el desarrollo de dispositivos que trabajen en incidencia normal. Asi se po-
drian generar dispositivos compactos y acoplables al extremo de una fibra éptica. Hemos
propuesto varios disefios que mejoran el rendimiento de sensores plasmoénicos y que tra-
bajan en incidencia normal. En este tipo de sensores plasmonicos, los pardmetros de
interes son: sensibilidad, figura de mérito (FOM), linealidad, rango dindmico, y limite
de deteccién. En cada uno de los disefios, hemos maximizado la sensibilidad y la FOM.
Dependiendo del mecanismo fisico involucrado en cada diseno, hemos encontrado que el
rango dindmico también se extiende considerablemente.



Una distribucién de nano-estructuras que difractan la luz hacia un capa delgada de metal
genera resonancias de plasmones superficiales en condiciones de incidencia normal. La
localizacion del minimo de la reflectividad espectral se utiliza para detectar cambios en
el indice de refraccion del medio bajo andlisis. La geometria de esta distribucion y la
seleccion de los materiales se ajustan para optimizar algunos parametros de rendimiento,
como la sensibilidad, la figura de mérito, el incremento local de campo, o la anchura
espectral. Esta optimizacion tiene en cuenta la posibilidad de fabricar el dispositivo en
la practica. El disefio éptimo tiene un valor méximo de sensibilidad de 1000 nm/RIU y
una figura de mérito de 705 RIU™!, que son competitivos con resultados de la literatura.
El rango dindmico de estos dispositivos va de 1.33 a 1.35 RIU. Este rango es mejor que
el obtenido mediante dispositivos basados en la configuracién de Kretschmann.

Hemos analizado un sensor refractométrico que consiste en un apilamiento ordenado de
redes metdalicas con rasgos por debajo de la longitud de onda y embebido en un medio
dieléctrico de bajo indice. La luz se confina fuertemente a través de mecanismos de
confinamiento y guidado que excitan resonancias que a la vez son sensibles a cambios en
el analito. Se han considerado y comparado dos posibles acabados de esta estructura.
Uno de ellos termina con un material dieléctrico en contacto con el analito y explota la
selectividad espectral de la transmitancia de la estructura. El otro diseno termina con un
recubrimiento continuo y metalico que genera plasmones superficiales en la interfase entre
el metal y el analito. Ambos disefios responden con respuestas especyrales muy estrechas
que son sensibles al cambio en el indice de refraccién del analito y pueden utilizarse para
el sensado de muestras biomédicas. En este diseno, que tiene el mismo rango dindmico
que el sensor con nano-aperturas, la sensibilidad y la FOM han aumentado notablemente,
alcanzando valores de 1130 nm/RIU y 2100 RIU~!, respectivamente.

Hemos desarrollado una distribucién de nanoprismas extruidos que generan resonancias
de plasmones superficiales para sensado. Los nanoprismas guian y confinan la luz hacia
la interfase metal/dieléctrico donde el dieléctrio es el medio que se desea medir. Este
sistema trabaja en condiciones de incidencia normal y es interrogado espectralmente. Su
rendimiento es mejor que algunos disefios basados en configuraciones de Kretschmann,
y los valores de sensibilidad y figura de méritos son competitivos con otros sensores
plasménicos. La geometria y la elecciéon de materiales ha sido realizada teniendo en cuenta
los limites impuestos por la fabricacion. Aunque los valores de sensibilidad y FOM son
moderados y menores que la maxima sensibilidad teérica, estos disefios son mejores que
muchos otros de la literatura cientifica. Ademsds, el rango dindmico se extiende hasta 1.43
RIU, lo que es 4 veces méas grande que los disenos desarrollados por nosotros previamente
(nano-aperturas, y redes multicapa), y que el de la configuracién de Kretschmman. En
este disefio utilizamos una red dieléctrica de baja pérdida para excitar resonancias de
plasmones superficiales que aumentan el rango dindmico al acoplar mejor la radiacién
hacia el modo resonante. Ademaés, el contraste en indices de refraccién del 6xido de zinc
rodeado de fluoruro de magnesio también ayuda a extender el rango dindmico.

Los resultados obtenidos con los disenos de nanoprismas han sido usados para reconfigurar
la estructura y proponer un dispositivo nano-estructurado que hibridiza los modos de la
red de difraccidn con las resonancias plasménicas. En este caso, utilizamos el concepto de
indice de refraccion efectivo que considera la fraccion del volumen de los materiales y la
profundidad de penetracién del plasmoén en el interior de la estructura. Nuestra geometria
es una red de difraccién de bajo orden con perfil extruido nano-triangular. Las resonancias
de plasmones superficiales se excitan en la interfase entre el metal y el dieléctrico que estd
separada del analito por una capa dieléctrica de alto indice de refraccion. El rendimiento



optico de este sensor refractométrico es fuertemente competitivo en sensitividad y figura
de mérito debido a su respuesta espectral ultra estrecha (por debajo de 0.1 nm). Ademas,
puede operar dentro de un amplio rango de indices de refraccién (desde 1.3 hasta 1.56
RIU), y trabaja en condiciones de incidencia normal.

La obtencion de una alta sensibilidad, gran valor de la funcién de mérito, y un amplio
rango dindmico es un reto para conseguirlo en un solo dispositivo. Para ello, hemos
disenado un sensor refractométrico que funciona en incidencia normal y permite su inte-
gracion con una fibra 6ptica. El material del sensor y la geometria explota la gran seccién
transversal de scattering dada por el algo contraste en el indice de refracciéon de la red de
difraccién dieléctrica. Este disefio genera resonancias de Fano, debidas a la interferencia
entre las resonancias plasmonicas y la respuesta de la red. Hemos optimizado este sensor
mediante una funcién de mérito que combina el factor de calidad de las resonancias y
el aumento local de campo eléctrico en el volumen de interaccién donde se propaga el
plasmoén. Nuestro dispositivo consigue una alta sensibilidad de 1000 nm/RIU y una alta
figura de mértio de 775 RIU~!. También el rango dindmico se extiende hasta un valor
extremo de 2 RIU. Esto es posible gracias al alto contraste en el indice de refraccién
conseguido al utilizar GaP (n = 3.142 a A = 1350 nm) rodeado por MgFs (n = 1.37 a
A = 1350 nm).

Sensores plasmoénicos de lectura directa y bajo coste.

En la tltima parte de esta tesis doctoral hemo disefiado dispositivos que combinan célu-
las solares o el efecto bolométrico con efectos plasménicos. Estos dispositivos son mas
sencillos y mas baratos que los sensores plasmoénicos convencionales.

El efecto bolométrico nos permite monitorizar eléctricametne las caracteristicas espec-
trales de un sensor plasmoénico. Proporciona una caracterizcion mas simple y de menor
coste comparado con técnicas espectrales o goniométricas para la adquisicién de la senal.
En este dispositivo, una fuente monocromatica ilumina una nano-estructura espectral-
mente selectiva. El dispositivo estd formado por una red de difracciéon dieléctrica de bajo
orden que combina dos materiales con un alto contraste de sus indices de refraccién. La
luz interacciona con esta estructura y llega hasta una capa metalica delgada que esta
expuesta al analito. La estrecha absorbancia espectral generada por las resonancias plas-
monicas, hibridizadas a su vez con los modos de difraccién, calienta el metal en el que se
excitan los plasmones. El cambio en temperatura causado por esta absorcién modifica la
resistencia de esta capa metdlica a través del efecto bolométrico. Por lo tanto, un cam-
bio refractométrico del analito varia la resistencia eléctrica en condiciones de resonancia.
Nuestro diseno monitoriza este cambio mediant un circuito externo. Esta propiedad op-
toelectronica debe incluirse en la definicion de los pardmetros de sensibilidad y figura de
mérito. Ademés de su competitividad en FOM (alrededor de 400 RIU™!), el sistemas
propuesto esta basado integramente en medidas optoelectronicas. Este refractémetro se
comporta linealmente dentro de un rango centrado alrededor del indice de refracciond el
agua, n = 1.33, y puede ser aplicado en el sensado de especimenes en biofisica, biologia
y ciencias medioambientales.

Las células solares de perovskitas se consideran actualmente como una prometedora tec-
nologia para la recolecciéon de energia solar. Su capacidad para proporcionar una senal
eléctrica cuando se iluminan puede utilizarse para medir cambios en pardmetros medioam-
bientales. Una célula de perovsitas puede modificarse para trabajar como un sensor re-
fractométrico mediante la generacion de plasmones superficiales en su superficie frontal.
Para excitar resonancias plasmonicas es necesario utilizar interfases entre dieléctricos y



metales. Sin embargo, si el electrodo frontal transparente de una célula de perovskitas
se reemplaza por una capa metalica uniforme, la absorciéon en la capa activa dismin-
uye considerablemente. Esta absorcién crece de nuevo si la superficie frontal metalica
se nano-estructura, anadiendo una distribucién extruida de pirdmides con alta razén de
aspecto. Este perfil excita resonancias de plasmones superficiales a través de un mecan-
ismo de acoplamiento entre la red y la superficie metalica. Nuestro disenio permite una
absorcion espectral selectiva con respuestas mas estrechas de un 1 nm. La fotocorriente
generada por la célula se convierte en la senal del sensor. El dispositivo emplea un método
de interrogacién optoelectrénico en vez de los los procedimiento clasicos mas conocidos.
Las definiciones de sensibilidad y FOM han de ser adaptadas a esta nueva situacién. El
diseno ha sido preparado para ser sensible a variaciones del indice de refracciéon del aire
entre 1.0 y 1.1. La FOM alcanza un valor maximo de 1005 RIU™!, que es competitivo
cuando consideramos otras ventajas, como la facilidad del procedimiento de adquisicién
de la senal y el coste total del sistema sensor.

Hemos propuesto un nuevo diseno que utiliza nano-aperturas para generar resonancias
de plasmones superficiales en la superficie frontal de una célula solar de perovskitas. El
dispositivo emplea el cambio de la corriente entregada por la célula para detectar cambios
en el indice de refraccién del aire que esta en contacto con su superficie frontal. Nuestro
calculo identifica qué pardmetros geométricos y qué estructuras materiales mejoran este
comportamiento. Después de reemplazar el electrodo frontal transparente con una red
sub-A metdlica, hemos encontrado una gran variacién de la responsividad de la célula
con respecto al cambio de indice de refraccién del medio a su alrededor. Este sensor
refractométrico puede ser interrogado electrénicamente, evitando el uso de complicados
montajes espectrales y goniométricos. Hemos presentado también una adaptacién de los
pardmetros caracteristicos de sensores refractométricos (sensibilidad y FOM) al caso de
este método de interrogaciéon optoelectrénico. Los valores de sensibilidad y FOM son
alentadores para el desarrollo de senores basados en perovskitas.
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Introduction

The prefix "nano" is introduced when dealing with objects at the nanometer scale [1]. Light
can’t be focused or squeezed at the nano-scale (subwavelength sizes) using conventional op-
tical components, like lenses or mirrors, because of the diffraction limit (Rayleigh criterion)
[2]. Modern nanodevices in optics and optoelectronics take advantage of light manipulation
by nanostructures to have functionalities and responses superior to conventional devices [3], 4].
In nanophotonics, researchers study the behavior of light at the nanometer scale or the in-
teraction of nanometer-scale objects with the electromagnetic field [5]. Nanophotonics is a
multidisciplinary field connecting several fields: nanotechnology, optics, optical and electronic
engineering, and material engineering, among others. Another emerging field applied to pho-
tonic devices is plasmonics, which deals with surface plasmon resonances and its applications.
Surface plasmons are coherent oscillating electrons at metal surfaces adjacent to a dielectric
medium. This oscillation produces a longitudinal electromagnetic wave that travels along the
metal surface. Both the surface plasmon and the accompanying electromagnetic field forms
the surface plasmon polariton. Surface plasmon can resonate under the effect of an incident
photon, and produce strong optical confinement near the metal surface. This resonance of
surface plasmons is called surface plasmon resonance, which is extensively applied in many
photonic devices with extraordinary responses and performances [6), [7].

A nanophotonic structure is a solution that reduces the device’s size while maintaining the
same, or even better, optical response of the conventional device [§,9]. Furthermore, nanopho-
tonics also, reveals light-matter interaction mechanisms that do not occur at the macroscale.
Light focusing and concentration using nanophotonic structures have to be optimized to di-
rect, guide, and confine light into the desired location in the device efficiently. In the following
section, we will see how nanophotonic and plasmonic nanostructures enhance the performance
of optical devices by controlling the light propagation in optical media and produce various
physical effects, such as focusing, confinement, and efficient coupling.

1.1 Nanophotonic designs for solar cells and optical sensors

Nanophotonics includes a very wide variety of advanced technologies in many fields, such
as optics, biochemistry, electrical engineering, optoelectronics, and many others [4]. We will
summarize some attempts to apply nanophotonic structures to photonic devices. However, it
will be difficult to cover all the contributions on this topic during the last two decades. So, we
will give different examples of recent designs with a focus on the two main subjects covered by



1. INTRODUCTION

our study. These are the solar cell devices and optical sensors based on plasmonic resonances.

1.1.1 Solar cells

There are many global issues that researchers around the world work to overcome: energy,
health, food, and water supplies come on the top of these issues. Likely, the most important
of them is energy, as the production for others depends on it. So far, energy extracted from
fossil fuels is still dominant in the market. The attempts to find an alternative source are still
in progress and we are close to succeeding. However, sticking to just one of the alternatives
may not be the best option [I0]. The variety of renewable energy sources increases the chances
to overcome the energy issue, where biomass, hydropower, geothermal, wind, and solar energy
sources could work together to supply countries with their needs of energy. Solar irradiation,
wind, and water availability are different from place to place and could change dramatically
due to global warming. In that case, setting different energy plants with a suitable variety of
renewable energy sources for each country assures better the energy needs for it. Particularly
speaking about solar energy, there are two major generation methods: solar thermal and
photovoltaics, being the cost for large scale plants still the main challenge for this technology.
In photovoltaics, we can generate power from sunlight using semiconductor materials of suitable
bandgap, where a photon in the visible (VIS) or near-infrared (NIR), could directly excite
electron-hole pairs in a semiconductor. Alternatively, in thermo-solar conversion, sunlight
drives a mechanical heat engine. The cost of a solar cell in 1972 was about 50.28US$/W, in
today’s dollars that value is reduced to 0.37US$/W for monocrystalline-silicon (c-Si) passivated
emitter and rear cell (PERC) modules manufactured in China [IT, [12], [13]. Cost, lifetime,
recycling, the weight of the module, and efficiency are the major parameters for commercial
photovoltaic systems. Focusing more on the cost, weight, and efficiency, we arrive at an option
of thin-film solar cells that incorporates nanophotonic and plasmonic structures.

If the surface is textured perfectly, it will lead to an ideal diffuse reflectance (a Lambertian
diffuser [14]). The textured surfaces in the back of a solar cell could diffusely reflect the light
that reaches the back surface of the cell and hence it moves in a longer path in the active layer
increasing the probability to be absorbed. This is the so-called Lambertian light trapping.
The first application to this mechanism in solar cells was proposed by Goetzberger [I5] and
Yablonovitch [16]. Yablonovitch and Cody show that a textured optical sheets enhancement
is limited to a x4n? (where n is the refractive index of the texture layer) increase in the
effective absorption of solar cells based on ¢-Si [16]. Lambertian light trapping reduces the
thickness of the active layer required to achieve a specific short circuit current Jgo compared
to plane devices. As an example, in Si solar cells, light trapping decreases the thickness of
the active layer that is required to achieve a specific output photocurrent. Let us define the
maximum photocurrent output of a cell as the Jg¢, so to achieve Jgo of 35 mA/ cm? we need
a plane device of 40 pum active layer thickness that is reduced to only about 2 pm when using
light trapping. A thin-film GaAs solar cell device with an active layer thickness of 1 pym and
output of Jgc of 28 mA /cm?, can be converted to an ultra-thin device with an active layer
thickness of 50 nm while keeping the same Jg¢ value using the Lambertian light trapping
mechanism [I7]. Semiconductors with very low diffusion lengths, like CuO and FeSs, could be
used as alternatives in photovoltaic devices because of the thickness reduction offered by the
Lambertian light trapping mechanisms.

Another strategy to improve the performance of solar cells is the reduction of the optical
losses in the structure of the cell by light confinement using textured surfaces. These textured
surfaces contain nanofeatures added to the surface of one or more layers in the device, and

6



1.1. Nanophotonic designs for solar cells and optical sensors

could be random or periodic. However, using this mechanism the absorption will not be en-
hanced only in the active layer, but also in the transparent contacts (TC) which is considered
as losses [18]. An optimization of the cell layers and texture type is necessary to improve the
final performance of the device. One approach, close to the texture mechanism, is to control
the surface roughness of the front transparent conducting oxide (TCO) layers in amorphous
silicon solar cells, which leads to an enhancement in the cell performance even before defined
considering it as a random nanophotonic structure [19]. In reference [19], the surface roughness
is investigated and shows a light trapping mechanism and an enhancement in the cell perfor-
mance. The TCO surface doesn’t only affect the topology of the amorphous solar cell layers
deposited on it, but it also traps light at the active layer of the cell. Later on, a detailed optical
modeling study is reported for amorphous silicon hydrogenated (aSiH) solar cells deposited on
textured glass/TCO substrates, including different thickness for the active layer and oblique
incident light conditions [20].

With the development of nanostructure fabrication methods in the last decade, a huge
number of designs applying nanophotonic and plasmonic structures to optoelectronic devices
were reported. These technologies allow the emerging of nano and micro-devices with improved
responses. Small devices of thin-film semiconductors deposited on nanowire structures can
generate a reasonable photocurrent sufficient to illuminate portable devices [2I]. Optical energy
is highly confined in a small regime when surface plasmons (SPs) are excited. This important
phenomenon is also applied to enhance optical absorption in the active layer of solar cells
[22]. A customized nanophotonic structure improves the optical performance of solar cells
when working as anti-reflection coatings. One of the most efficient approaches is the use of bio-
inspired periodic shapes like moth-eye [23]. These structures function as anti-reflection coatings
over a wide range of wavelengths, so the optical absorption is enhanced over a broadband region.
Broadband absorption enhancement is a requirement that makes a nanophotonic or plasmonic
design useful for solar cell applications. Talking about plasmonic effects, SPs generated locally
around nanoparticles increase the optical absorption in solar cells [24]. A periodic grating
array in the back contact of a solar cell works as a scaffold for the conformal deposition
of nanostructured solar cells with improved performance [25]. When the silver (Ag) back
contact is nanopatterned, the Jsc enhances around 26% compared with the flat device. An
experimental demonstration of the theoretical studies of the moth-eye or nanodome structure
cells, that is formed by the conformal deposition of the cell layer over periodic grating arrays,
shows a large enhancement of the optical absorption and 25% better efficiency than the flat
solar cells [26]. Not only periodic grating or nanoparticles arrays in the back contact are
proposed, but a nanoparticle array on the top of solar cells is also considered [27]. In this case,
the forward diffraction of the incoming light is key for this design to work. Anti-reflection,
diffraction, or plasmonic resonances are the mechanisms involved in these designs to improve
the optical absorption in the active layer of the device.

Zongfu Yu, et al. [28] reported the fundamental limitations of nanophotonic structures to
improve the optical performance of solar cells. This evaluation could direct the efforts in the
right way, and save time when proposing designs. Along with this theoretical study, there are
some important features for the design that has to take into account like fabrication feasibility,
and the selection of adequate materials, etc.

Lithographic techniques allow the fabrication of high-resolution nanostructures. However,
its application to a large area scale is a challenge. An approach called self-powered parallel
electron lithography that has high-throughput and sub 35 nm high resolution was applied to
fabricate large-area ordered nano-conical-frustum array structure [29]. With this technique,
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a high absorption in the active layer, reveals a high- conversion efficiency (this parameter
measure how much electricity can be produced by the solar cell when illuminated by light,
so, its the maximum output electrical power divide by the input optical power) solar cell of
10.8%. Also, a solar cell in the form of a periodic nanowire array structure achieved better
enhancement in the optical absorption and the overall performance of the cell [30]. In this
design, the periodic arrays of silicon nanowires trap the incident solar radiation by a factor
up to x73. Experimental studies succeeded to apply large-area, nanoscale patterning of TCO
front contact, to aSiH solar cells. This addition reveals a high absolute conversion efficiency of
10.1% [31]. In this study, the absorption of the cells increases when a nano-imprint technique
is applied to obtain large-area nanopatterned top contact for thin-film solar cells. In another
proposal, a closed packed array of dielectric nano-spheres is added to the top of a thin-film
solar cell. This array supports guided whispering gallery modes that concentrate optical power
in the active layer of thin-film aSiH solar cells [32].

Random nanophotonic structures, like textured surfaces, are easy to manufacture in large
scale using, for example, chemical etching, but these structures have some disadvantages. For
example, reproducing patterns is difficult, and uncontrolled losses appear due to scattering of
charge carriers by the random texture surfaces before extraction. A periodic array reduces this
kind of loss and can be reproduced using the different lithographic high-resolution techniques.
The question of which is better, random or periodic nanophotonic arrays, was answered in a
complete study that compares a cell deposited with a random pyramidal morphology of state-
of-the-art zinc oxide (ZnO) electrodes, and a cell deposited onto nanostructured glass/TCO
using nanoimprint lithography [33]. The development of high-resolution large scale lithographic
technologies enables the production of periodic nanophotonic arrays that perform better than
its random counterparts. Self-assembly techniques have been used to fabricate plasmonic metal
nanoparticle arrays that work as a back reflector of thin-film solar cells and diffusely reflect
light back to the active layer which increases its possibility to be absorbed so acts as another
mechanism of light trapping [34]. The addition of sophisticated nanostructures generates a
large enhancement of the performance, and a relevant reduction to the thickness of the active
layer. A couple of nanophotonic structures, one of them on the top and working as an anti-
reflection coating, and the other trapping the light within the active layer, could achieve a
high photo-current for an ultra-thin c-Si solar cell of only 2-micron thick [35]. Previous studies
comparing ordered and disordered nanophotonic structures, show that periodic arrays are
much better for the performance of solar cells [33]. Another study shows that increasing the
disorder in the nanostructure of the nanophotonic light trapping geometry produces a better
performance than when using an ordered periodic array [36]. This experimental work proves
that, at specific conditions, the random texture improves the performance of solar cells better
than the periodic light trapping profile, but it doesn’t prove the possibility of reproducing the
same random profile that leads to high optical absorption enhancement. Furthermore, high
order random means higher scattering losses of the charge carriers which is not also examined
in this study.

At this point, it is important to check how the light trapping nanostructures affect the
charge carrier collection efficiency, 7. e., the electrical performance of the cell. Although some
scattering losses of the charge carriers could exist due to textured layers at the interfacial
surfaces between the buffer layers and electrodes, or the active layers and electrodes, this
nanopatterning increases the carrier collection for most of the cases. A coupled optical-electrical
study reveals that light trapping nanostructures do not only improve the optical absorption in
the active layer of the cell, but they also enhance the electrical performance [37) 38, [39].
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A photovoltaic cell only uses efficiently a portion of the solar spectrum in the VIS, and NIR
range. However, heat engines generate electricity available from radiation in the infrared (IR)
spectral band. The hybrid technology for solar power generation could be another promising
option by converting sunlight into thermal emitters, radiating light directly above the photo-
voltaic bandgap where a heat absorber or an IR non-dissipative device can be used. Such a
system, called solar thermophotovoltaics is able to harvest energy from the entire solar spec-
trum, so that higher efficiency power plants are possible. Nanophotonic structures could also
improve the design of this hybrid system and make it more efficient [40].

High-efficiency perovskite solar cells are promising low-cost solar harvesters that are ex-
pected to compete with c-Si based technology. However, despite the increased interest in this
technology, it has not still solved a key issue about its fast degradation and short lifetime. An
active layer of thickness around 300-500 nm made of perovskite materials (the most commonly
used is methylammonium lead halides, MAPbI3) could efficiently absorb more incoming light
in its absorption band when compared with other thin-film materials because of the high ab-
sorption coefficient of perovskites. Also, the diffusion length of the generated charge carriers
is large enough to be efficiently extracted through the electrodes by applying the proper se-
lective charge transport layers. The high absorption coefficient and large diffusion length of
perovskite materials make the optical losses for state of art plane perovskite solar cells rela-
tively smaller than many other thin-film technologies, like aSiH and organics, etc. As a result,
nanophotonic designs account for a small optical enhancement when applied to devices with
active layer thickness more than 300 nm. As an example, only 5% improvement is achieved
by nanopatterning the front contact of a perovskite cell, that now works as a light trapping
structure [41]. On the other hand, perovskite materials are toxic and expensive, so, a much
thinner layer is safer and cheaper. Moreover, the charge extraction will be more efficient as the
charge carriers travel shorter distances before being collected by the electrodes. These reasons
show that it is preferred to manufacture perovskite devices with small thickness to overcome
these issues. With thickness reduction, absorption in the active layer becomes lower. In this
case, nanophotonic designs could be used to increase the absorption efficiency in the active
layer and reduce the losses.

Nanophotonic structure designs are efficiently applied to multi-junction solar cells with
semiconductors of different bandgaps, to achieve improved spectral responses over a wideband
spectrum. This structure could be seen as a piled arrangement of solar cells tuned to com-
plementary bandgaps. The aim of these devices is to overcome the Shockley-Queisser limit
for a single p-n junction solar cell, which is stated as 30% [42]. Metamaterials with appealing
different optical effects such as resonance, controlled diffraction, and scattering, are preferred
for this purpose [43]. Using these structures, we can take advantage of the resonance effects
in one junction that is close to the structure, and use diffraction to redirect light towards the
other junctions. Overall, both effects will reduce the total reflectance of the device.

The thermodynamic limit for plane single-junction solar cells was introduced by Shockley-
Queisser. When including nanostructures, it seems necessary to revise this analysis for these
advanced designs. As an example, a nanowire single-junction solar cell was used for this study.
In this case, the power conversion efficiency and cell parameters for a planar solar cell are no
longer applied because a nanowire absorbs light from an area much larger than its own size [44].
Moreover, an array of nanophotonic structures can take many shapes. Therefore, the effect of
the geometrical shape, and the surface/volume ratio of these structures on the thin-film solar
cell performance, requires further analysis in terms of optical absorption efficiency and total
reflectance of the device [45]. The increase in efficiency of perovskite solar cells is the fastest and
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highest among other thin-film technology. Its efficiency reached 23% [46], and it is considered
as one of the most promising technology for photovoltaic devices, even though its poor stability
is under extensive investigation [47]. Multijunction solar cells and its simplest monolithic form
are reported to outperform the single-junction devices and achieve a higher power conversion
efficiency. By incorporating perovskite technology in a monolithic perovskite/c-Si tandem solar
cells, we could overcome the theoretical limit for the power conversion efficiency of silicon single
junction cells [48]. This type of devices contains many essential buffer layers for charge carrier
extraction that introduces several interfaces generating unwanted reflectances. In this case,
nanophotonic strategies are at play to overcome this problem [49], [50]. The extraction of charge-
carriers is more efficient in ultra-thin layers below 200 nm in thickness than in devices with
larger values of the thickness. This happens because the photogenerated charge carriers will
travel a shorter distance. However, the optical absorption decreases significantly for these ultra-
thin devices. Nanophotonic structures with broadband responses are used to boost the optical
absorption efficiency or even make it larger than the efficiency of thick active layer devices [51].
As stated above, the optical absorption of thick perovskite solar cells with an active layer in
the range of 300-500 nm is relatively large compared with other thin-film materials. For this
reason, the enhancement of the absorption for this device using nanophotonic structures, in
general, will be small compared with the state-of-the-art plane devices [52].

Thin and ultra-thin solar cells energize many applications. For example, portable devices
and small machines may benefit from well-designed nanometric and plasmonic structures to
obtain high-efficiency cells, with the ultimate goal of the self-powering operation. At a larger
scale, the incorporation of thin-film technology in tandem, and multi-junction solar cells could
be applied to power plants and remote areas energy as low-cost high-efficiency power technology.
For this reason, we will focus our study on these types of solar cells.

1.1.2 Plasmonic sensors

Optical sensors are widely used in laboratories, medicine, and industry to check the quality
of different materials, or detect changes in a physical parameter like temperature, pressure,
refractive index, etc. Important advances in the capabilities of optical sensors have been
achieved thanks to the incorporation of nanophotonic and plasmonic structures in such devices.

The first practical setup utilizing surface plasmon resonances (SPRs) in a device that could
be useful for sensing application was achieved by E. Kretschmann and H. Raether [53]. The
device setup for this method consists of a transparent dielectric prism coated with metal that
is used to excite surface plasmon resonance at the metal/air interface. The air can be re-
placed by any material to be sensed by the setup. Separately from this study, A. Otto [54]
proposed another setup where a thin dielectric layer (or sensed medium) is introduced between
a transparent dielectric prism and a semi-infinite metal layer. The excitation method in both
configurations is called prism coupling SPR, while Kretschmann-Raether is the most used as
its more practical for sensing applications. The principle of operation and excitation condi-
tion used in these methods described in detail in chapter Since these pioneering reports,
several designs were developed to apply these setups for different measurements and detection
methods.

The excited surface plasmon waves (SPW) are bounded to the metal surface and attenuated
in the dielectric medium in contact with the metal, so that any changes in that medium disturbs
the SPW. This phenomenon is applied to detect the thickness of the coating on the metal surface
[55]. In another application, if an SPW is excited at the interface of a metal/aqueous solution,
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the SPR setup can detect changes and processes at metal interfaces. For example, it can detect
changes in the density of electrons bounded or close to the metal surface, ion attachment to the
metal surface by adsorption processes, and modifications in the optical properties of the ionic
bi-layer [56]. In other areas, it is known that the optical properties of some organic materials are
changed upon exposure to gases. This functionalization concept is used to detect these gases
by coating the metal layer in the SPR device with an organic layer that changes its optical
properties when exposed to the gas. This design is applied to the anesthetic gas halothane
detection [57]. The application of SP based setup in biosensing has been also demonstrated
using prism coupling methods (Kretschmann - Otto configurations) to detect bio species in a
water-based solution in contact with the metal layer [58], [59].

Another method to excite SPR is the grating coupling method [60]. This happens when a
diffracted wave incident on the metal surface with a wavevector matches the SP propagation
constant. Practical devices that use this mechanism are applied to biological detection [60].
At this point, it is interesting to compare the sensitivities of sensors based on prism coupling,
with those of diffraction-grating couplers [61]. Both methods were studied in terms of angular
and wavelength interrogations, showing that in wavelength interrogation, the prism coupling
is more sensitive than the grating coupling method, meanwhile, their sensitivities are similar
in the case of angular interrogation.

After the presentation of Kretschmann and Otto configurations, many researchers developed
a variety of designs adapting the setup for different applications in many areas. This blossoming
of ideas can be considered as a true revolution in optical sensing. Devices with ultrahigh
sensitivity and a very low detection limit were designed. The development of self-assembly
nanoparticle arrays and nanophotonic structures leads to improved sensing devices with better
responses [62] 63, 64]. This enhanced performance devices applied in chemistry, and biology
allows precise detection and monitoring of changes of binding states in different species and
samples.

A localized SPR (LSPR) can be excited using colloidal metallic nanoparticles, or designed
finite nanostructures. This resonance is characterized by a high near field intensity around
the metallic nanoparticles. Biomolecules could be attached to the surface of these colloids
where any interaction between these biomolecules will affect the optical absorption of the
colloids. This idea is applied as a label-free optical method to study biomolecular interactions
in real-time [65]. The light confinement through nanoparticles and its characteristic near field
enhancement, where light is squeezed in the nanosize scale, make the optical properties of these
nanoparticles sensitive to environmental changes, for example, attaching a biomolecule to it.
This allows scientists to design commercial nanoscale biosensors [66].

The development of lithographic, self-assembly techniques and wet chemistry methods allow
the fabrication of noble metal nanoparticles with a wide range of controlled sizes, shapes,
and within different arrangements. This significant progress has been successfully applied to
plasmonic sensors with improved responses [67]. The prism coupling method uses reflectivity as
a parameter to sense changes near the metal surface. Metallic nanoparticles change absorption
or reflectivity, while a nanohole array in a metallic surface uses SP enhanced transmission as the
sensing parameter [68]. Plasmonic based sensors also determine the orientation of polarization-
dependent nanostructures by measuring the state of polarization of the light scattered from a
single nanoparticle, for example, a nanorod [69].

The interrogation of SP based sensors can be made measuring the angle of incidence, the

11



1. INTRODUCTION

wavelength shift, the reflected or transmitted intensities, employing a wide range of geometries
and materials [70]. Depending on the interrogation method, it could be possible to integrate the
sensor with compact optical fiber devices [71]. Moreover, the combination of different physical
effects in one device may lead to improved performance. For example, a magneto-optic SP
based biosensor could enhance the sensor sensitivity threefold with a feasible structure from
the fabrication point of view [72]. The excitation of long-range surface plasmon resonance
(LRSPR) excited at near IR wavelengths using metallic nanorings, where the optical response
of the structure is much sensitive to changes of the surrounding medium, achieves a high-
bulk sensitivity [(3]. After more than one decade of plasmonic sensor development, a large
number of designs were reported for the detection of different chemical and biological species,
making optical sensors based on plasmonic resonance a very powerful tool for sensing and
diagnosis applications [74]. Currently, the excitation methods of SPRs are well established,
both theoretical and experimentally, including the different realizations of SPs, for example:
the long- and short-range SPRs and the localized SPs for nanoparticles case. Multi-function
sensors that are able to detect interactions of two different species by generating two plasmonic
modes using a single geometry are also reported [75]. Some sensors were designed for a single
specimen or material. In this case, the sensor detects a very small change in the refractive
index of this material with high efficiency, for example, a sensor for hydrogen detection [76].

In any case, it seems important to investigate the limits in performance of different types
of plasmonic sensors to drive the research for the next generation of optical sensors [77, 78, [79].
The kretchmann based sensors need movable parts like goniometer, which limits its integrabil-
ity with other systems like optical fibers. The excitation of SPR at normal incidence eases the
integration of the sensor with optical fibers and waveguides, so that, some designs report effi-
cient and feasible sensors [80} 811 [82]. Most gases and chemicals are subjected to environmental
changes that lead to a significant variation in their properties. In this case, it is necessary to
design sensors with a wide dynamic range to be able to detect these changes [83]. To overcome
any given limitation, it is necessary to focus on the parameters of the sensor that make it suit-
able for a specific application, and allows selective and sensitive detection [84]. 2D materials,
such as graphene has been also applied to plasmonic sensors to improve its sensitivity and
optical response [85]. The addition of nanosheets, or very thin layers onto the exposed surface
of a plasmonic sensor enhances its sensitivity and optical response [86, [87, [88]. Also, photonic
crystal fiber-based plasmonic sensors are designed for ultra-high sensitivity sensors. In this
case, the shape and material configuration allow the design of a large number of new sensors
[89, 90} ©1].

In this section, we have reported many SPR based optical sensors with improved designs
and performance. Through this literature survey, we have made a selection, and give some
examples for different approaches and functionalities. We conclude that nanophotonic and
plasmonic nanostructures boost the performance of optical sensors based on plasmonic reso-
nances. The excitation of SPR with normal incident light eases the operation of the device
and the integration in optical systems such as fiber tip. Some challenges are also extracted
related to sensitivity values, spectral resolution, and feasibility of geometrical parameters in
fabrication. In our study, we have to take all of them into account to develop reliable and
competitive optical sensors.
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1.2 Motivation and aims

In this dissertation, we will focus on two types of photonic devices: i) thin-film solar
cells incorporating nanophotonic structures for single junction or multi-junction devices, ii)
plasmonic sensors, and iii) hybrid devices that combines both of them.

Efficient, lightweight, and low-cost solar cells for a potential application in energizing
portable devices like laptops, cell phones, small machines, cars, drones, etc. Solar cells are
able to power these devices in remote areas and locations with no other electricity sources.
Besides, they help to reduce electricity consumption in populated zones by powering lighting,
small engines, and water pumps. On the other hand, fast, efficient, compact, and feasible plas-
monic sensors are key in disease diagnosis, material quality tests, detection of environmental
changes, etc. Optical sensors are at work when large complicated devices are not an effective
solution, for example, in airports, mines, factories [92]. In the following subsections, we will
analyze the characteristics of these devices and some of the possible issues that could be solved
by applying nanophotonic and plasmonic structures.

1.2.1 Fundamental characteristics and origin of losses

The main goal of nanophotonic and plasmonic designs is light focusing, for specific wave-
lengths (spectral), within the desired layer (spatial), or both. These designs can produce optical
effects such as near field enhancements, scattering, and resonant effects. If we place a nanopho-
tonic, or plasmonic design on top of a solar cell, their optical effects may not reach the active
layer because of the front layers of the cell. For example, thin-film solar cells have a transparent
top contact with a thickness of a few tens of nanometers, and may also involve one, or more
buffer layers. Unfortunately, these top layers obstacle or dissipate the electromagnetic field en-
hancements generated by a plasmonic or photonic nanostructures arrays, that could be placed
on top of it, and prevent them from reaching the active layer. Relocating the nanostructure
inside the active layer could be a solution to get a benefit from the high near field enhancement
produced by the nanostructure. Even, it could enhance IR absorption of the device where the
effective absorption of the semiconductor is too low or negligible [93]. A careful analysis of
this situation shows that the best possible location to deposit the nanoparticles array happens
to be inside the active layer. However, this strategy has some disadvantages: it is difficult to
experimentally control the location of the nanostructure array, and it will work as trapping
sites for recombination of charge carrier within the active layer; and finally, if the nanostruc-
ture is metallic, atoms from the nanostructure could diffuse in the semiconductor and change
the doping level [94]. A core-shell structure partially solves these issues by isolating the metal
particle within a dielectric shell. This configuration is still affected by scattering losses at the
defect sites, disturbing the dynamics of charge carriers. Placing the nanostructure on top or
bottom of the device is a solution, but we still have to optimize the structure to enlarge the
penetration depth of the electromagnetic field to expose the active layer efficiently to near-field
enhancements. High index lossless nanostructures provide high directional scattering effects
that could be useful to improve the optical response of photonic devices [95]. These materials
can be tuned to have a narrow or broadband responses for different applications in sensing or
solar energy harvesting.

Flexible, low cost, and lightweight solar cells are preferred for portable devices [96]. There
are many types of semiconductor materials used for these types of solar cells, for example,
aSiH, organic and polymer semiconductors, perovskites, and chalcogenide semiconductors, etc,
[97, 98, 99]. Some of these materials are already in use in commercial solar cells, like aSiH.
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However, one of the drawbacks for aSiH is that it suffers degradation due to light exposure,
which is called the Staebler-Wronski effect (SWE) that is proportional to the thickness of
the active layer [I00]. Fortunately, it can be reduced via thermal annealing. Therefore, it is
possible to produce self-annealing by increasing the parasitic absorption in buffer layers [101].
Organic semiconductors typically have a small charge carrier diffusion lengths. Then, solar
cells fabricated with these materials also require an ultra-thin active layer [I02]. For perovskite
solar cells, although they have a large charge carrier diffusion (about 1 micron), it’s desirable
to use thin layers to reduce the cost and amount of the raw material that, besides, are toxic
[103]. We can conclude that, for these technologies, the electrical extraction of the generated
charge carriers is more efficient when an ultra-thin active layer is used, because they will travel
shorter distances before reaching the electrodes, and will not likely suffer recombination [104].
However, ultra-thin active layers present diminished absorption. Here is where nanophotonic
strategies concentrate light to improve absorption (spectrally and spatially) in the active layer
or any other location within the cell.

Optical sensors, spectrally or angularly interrogated, require narrow responses to lower the
limit of detection and become highly sensitive to variations in the sensed physical parameter.
Coupling focused light on the device leads to ultra-narrow responses and highly sensitive optical
sensors for many applications, as we see in the previous examples in section[I.1.2] Nanophotonic
structures based on lossless dielectrics can control how light flows through a device within a
broad or narrow spectral band without significant reflection losses and negligible absorption
losses. Actually, by coupling customized nanostructures to specific material arrangements, it is
possible to generate perfect absorbers [105], that can be applied to sensing applications [106],
or perfect transmission structures for solar cell applications [107].

1.2.2 Reliable nano-photonic structures

There are several aspects and considerations extracted from previous sections, that need
to be taken into account when designing photonic nanostructures. One of the most important
constrains is related to the practical realization of the design. Although the literature is plenty
of designs with many functionalists and appealing responses, some of them may be difficult
to be practically fabricated or operated. Here, we introduce the most important parameters
that have to be taken into account in a design that is fabricable and able to be applied in real
devices:

Compeatibility of fabrication methods and process. Each device and material has a well-known
fabrication method. For example, in aSiH solar cells, the p-i-n semiconductor layer is
usually deposited by plasma-enhanced chemical vapor deposition, while most organic and
polymer solar cells are fabricated by ink-jet or spin coating processes. Based on this, it’s
not adequate to assume that aSiH layers will fill nano-grooves or holes. Instead, if we
have a nanostructure substrate, the layers will be conformally stacked on it. The reverse
happens for organic or perovskite layers over a nanostructured substrate where we can’t
propose a conformal stack. Instead, the spin-coated material will fill the nanostructured
surface. The fabrication process of nanostructures has to be compatible with the fab-
rication environment of the original device. For example, organic and perovskite solar
cells are usually fabricated within a glove box or controlled atmosphere, so the use of
large fabrication tools are compromised after depositing the active layer of these devices.
Then, it is preferred to grow the nanostructure before the active layer deposition, for
example, by spin coating the active layer on top of a nanostructured substrate.
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Device area limitations. Optical sensors are small area devices. In fact, it is desirable to have
micro or nanochips that are portable and easy to mount onto different systems. On the
contrary, solar cells will be large area devices to harvest as much as possible energy. In
that case, the design has to take into account if the required size can be realized using
the available production technologies.

Nanostructure feature resolution. Very tiny features below 10 nm generally are not recom-
mended because they are difficult to be realized for large scale fabrication. Even more,
dimensional steps smaller than 25 nm in lateral dimensions are not advisable because
of the reliability of the fabrication techniques. Therefore, the geometrical dimension of
the design has to take into account the different scales, tolerances, spatial resolution,
accuracy, and reproducibility available for each fabrication method and its applicability
to the proposed designs.

Auxiliary layers of opetoelectronic devices. We have seen that every layer of the device
has to be taken into account when determining the effect of nanophotonic structures.
Otherwise, the fabricated structure will have a response different from the optimized
design. For example, the transport layers in organic and perovskite solar cells, as well as
the p and n layers in aSiH solar cells, can’t be neglected when designing a nanostructure
for the device. The performance value caused by the plasmonic or photonic structure
will not be reliable if these layers are not properly taken into account. However, the
situation is different when working with tandem solar cells that involve a wafer cell and
a thin-film cell at the top. In that case, the ultra-thin transport layers of the bottom
cell could be optically neglected as they have no impact on the optical behavior of the
system, although they can’t be dismissed in the electrical domain.

1.2.3 Nanophotonic structures for next generation photonic devices

The two previous sections described some of the losses sources in thin-film solar cells, and
the most relevant requirements to design efficient plasmonic sensors. Also, as we have seen
from the selected examples in sections and nanophotonic and plasmonic structures
allow the development of photonic and optoelectronic devices with extraordinary responses and
features. Particles, structures, and features with nanoscale dimensions alter light propagation
and produce several important effects like scattering, resonances, guiding, focusing, etc., that
in turn give useful characteristics as low reflectivity and perfect absorption or transmission.
The first step before applying a nanostructure to a device, is to understand the operation and
fabrication requirements of this device to define the objective from the nanophotonic design.
The next generation of photonic devices that include nanostructured elements, will show high
absorption efficiency, they will be low cost, flexible, compact, ultra-sensitive, and of course,
feasible to be fabricated and operated. Although we outlined above some guidelines to design
and fabricate reliable structures, the progress of nanophotonic science and technology will
depend on two major research lines: first the continuous investigations of new ideas and the
evaluation of its response, even if its difficult to be fabricated now. The second research line is
the development of nanoscale fabrication techniques that eases the high-resolution production
of such designs. In this quest, we also need to know that materials at the nanoscale exhibit
different physical properties from their bulk form. Therefore, we expect to witness new devices
with extraordinary responses and qualities are expected that incorporate nanophotonic designs.
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1.3 Structure of this dissertation

The thesis consists of six chapters, five main chapters, and a final conclusion one. The first
chapter is an introduction that reviews some recent contributions on the topics of the thesis.
Chapter [2] contains the theoretical background, equations, methods used in our calculations,
the optical model description, and its flow chart, and the model validations. In chapter
we present some designs to improve the optical absorption of aSiH thin-film solar cells, and
tandem perovskite/c-Si cells. We select these designs, taking the advantage of light diffraction
by gratings to increase the path length of light into the cells, and hence the probability to be
absorbed. Concentrating and guiding effects are at play when a high aspect ratio grating is
placed at the backside of a thin-film aSiH solar cell. In chapter [4] we proposed some designs
that use dielectric or metallic gratings to excite SPRs at normal incidence illumination. We
find out the parameters of each design, that affect the sensitivity, FOM, and the dynamic range
of the sensor. Chapter [5] deals with devices that combine both plasmonic effects and electrical
signal generation. For example, we used a bolometer, and solar cells as sensors, where the
sensing mechanism is based on direct readout of their electrical output signal. The coupling
of SPRs in these devices make them more sensitive to environmental variation and improve
their capabilities for sensing applications. Finally, in chapter [6] we summarize the original
contributions and results of the thesis.
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Theoretical background and methods

2.1 Propagation of Electromagnetic waves

Electromagnetic (EM) waves propagate in different media with oscillating electric and mag-
netic fields that are always perpendicular to each other and to the direction of propagation,
as is shown in figure [2.Ia. The wave nature of light is recognized by its polarization, interfer-
ence, and diffraction behavior [I08]. Maxwell equations describe the propagation of EM waves
in optical media and the relationship between the associated electric and magnetic fields and
their time derivatives. In a non-conducting material (conductivity, o = 0), the electric field
associated with the EM wave interacts with the electrons in molecules or ions in the material
revealing polarizability in the medium due to the displacement of electrons and ions from their
position of equilibrium. Usually, this polarization happens at the frequency of the propagating
wave. Therefore, the propagation of EM waves in that medium is analogous to the propa-
gation of the polarizability through the medium, meanwhile, the electric field interacts with
the induced dipoles. The capability of different medium molecules to be polarized is different,
so the relative electric permittivity, €, is used to express how a medium becomes polarized.
Relative electric permittivity also measures the strength of the interaction between the optical
field and the induced dipoles in the medium. For that reason, the velocity of EM waves in any
medium rather than free space will propagate with a lower velocity, v, than the speed of light
in vacuum, c. The ratio between the EM wave velocity in free space, ¢, to that velocity in any
other medium defines the refractive index of that medium, n = £.

If an EM wave propagates through a conducting material, it will be attenuated at specific
frequencies in the direction of propagation, as illustrated in figure [2.IJb. This attenuation
comes from the absorption of the light energy by the material, that is usually converted to
other forms of energy. For example, light is converted to heat energy if absorbed by lattice
vibrations during the polarization of the molecules of the medium or by local vibrations of
impurity ions. Absorption and light attenuation also comes from the excitation of electrons
from the valence band to the conduction band, and it mostly happens in semiconductors. If
the material absorbs light energy, then its relative permittivity and refractive index become
complex and defined as 7 = n+1ik, where n is the real part of the refractive index and measures
the phase velocity of the EM waves in the medium, and k is the imaginary part (also called
extinction or attenuation coefficient), which indicates the amount of attenuation of the EM
wave amplitude when propagating through the material.

If the absorption of light is converted to a useful form of energy (for example, light into
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2. THEORETICAL BACKGROUND AND METHODS

electricity), we call it active absorption. However, if it is dissipated as heat losses, it is called
passive absorption. In most optoelectronic devices, the goal is to reduce the passive absorption
losses and increase the active ones, unless the device operation improves when both of them
increase, as it happens with aSiH solar cells for example [109]. Light scattering and diffraction
are other phenomena that happen when light is routed towards some other directions of prop-
agation. In this case, the propagating EM waves are distributed into several secondary EM
waves, propagating in other directions different from the original direction of propagation.

T 4 . .
Optical medium
(a) Free space (b) P

Amplitude

Direction of propagation

Figure 2.1: (a) Wave propagation in space with oscillating electric and magnetic fields. These fields
are always perpendicular to each other, and also perpendicular to the direction of propagation. (b)
Attenuation of an EM wave in lossy media due to absorption.

To describe well the different interaction process that EM may encounter when propagating
through a multi-layer system or device, we need to use the optical constants of each material
along with its spatial geometry to solve Maxwell equations, and determine the optical field
distributions inside the different layers and mediums, and account for possible optical losses
and excitation.

2.1.1 EM waves propagation in a homogeneous medium

The propagation of EM waves through a medium, or in vacuum, is described by an EM wave
equation that is a second-order partial differential equation derived from Maxwell equations
[110].

In a vacuum and charge-free space, Maxwell equations for the case where charge and current
are zero read as [110]:

V. E(rt) =0, (2.1)

vXﬁmw_—ﬁzﬁ%

V. B(rt) =0, (2.3)

Vxﬁmw:%@ﬁqu (2.4)
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2.1. Propagation of Electromagnetic waves

With simple math, we can derive the wave equations that can be solved using numerical
models for the evaluation of EM waves propagating in optical devices, which reads:

c2 ot?

1 (‘ﬁ(m)) —V2E(rt) =0, (2.5)

1 (2B (r1)
= (aﬂ) ~V2B(rt) =0, (2.6)

c2

where c is the speed of light in free space, which is ¢ = \/ﬁ, and equations ( ) are the

wave equations that describe the propagation of EM waves in free space.

2.1.2 EM waves at the interface between two dielectric media

The simplest form of an EM is a plane polarized wave, which can be defined by a direc-
tion of propagation given by the wave vector. For an interface between two dielectric media,
the incident electric field can be decomposed into two components, that correspond to two
polarization states. The first is S-polarization (also known as transverse electric, TE, or per-
pendicular polarization), for which the electric field is perpendicular to the plane of incidence,
and consequently, the magnetic field is parallel to the plane of incidence. The second is the
P-polarization (also known as transverse magnetic, TM, or parallel polarization), which occurs
when the electric field is parallel to the plane of incidence and the magnetic field is perpendic-
ular to it. These components define two orthogonal states of polarization. When a polarized
plane wave propagating through a medium with a refractive index (n = n;) as shown in fig-
ur is incident upon a semi-infinite dielectric medium (n = ng), it is partially reflected
and partially transmitted. The incident and reflected EM waves are in one medium and the
refracted EM waves are in the other one. The angle of incidence, the reflection angle, and the
refraction angle are all given with respect to the normal of the interface between the two media,
and they obey the Snell law: nj sin 6; = no sin 8¢, and the reflection law: 6, = —6;. The amount
of reflected and refracted light is determined by the reflection and transmission coefficients,
which are calculated analytically from the Fresnel equations [I08]. Fresnel equations evaluate
the transmission and reflection coefficients in terms of the refractive indices of the media on
both sides of the interface along with the incidence and refractive angles.

The reflection (r;) and transmission (¢;) coefficients for ¢ can be s-polarization or p-polarization
are defined respectively as [108]:

11 cos 8; — ng cos 6;
rg = , (2.7)
n1 cos B; + ng cos O,

2n1 cos 6;
tg = , 2.8
S ny cos 6; + ng cos Oy (2:8)

19 cos 0; — nq cos 0
rp = 5 (2.9)
n1 cos By + ngy cos b;

2n1 cos 6;
tp = . 2.10
P ny cos 6y + no cos b; ( )
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2. THEORETICAL BACKGROUND AND METHODS

Figure 2.2: Light incident on a plane interface between two optical media at angle of incidence 6;

)

Then, the reflectance and transmittance are defined from the Fresnel coefficients as

R =|ri|% (2.11)
7= 12000 12 (2.12)
nycosb;

where i can be S- or P- polarization state.

2.1.3 Optical absorption in solar cells

For thin-film solar cell technology, materials exhibit poor optical absorption, which poses
a challenge that needs to be investigated for obtaining efficient competitive devices. The
research efforts in this direction are reported in hundreds of articles. For this purpose, we
revise some of them in the introduction chapter. In chapter [I| we present, the state-of-the-
art of some thin-film solar cells, and focus our attention on improving the optical absorption
of these devices by proposing advanced light concentration strategies based on nanophotonic
structures. The optical study solves Maxwell equations to obtain the optical fields (electric
E(r,A\) and magnetic H(r, \)) distributions in terms of space and wavelength, or frequency, for
each layer of the device, when an EM wave propagates through it. Once we have the optical
fields distributions, the absorbed power density, p()), is calculated from the divergence of the
Poynting vector as [111]:

e n

p(V) = " WIEW)I, (2.13)

where ) is the wavelength of the incoming radiation in free space, €” is the imaginary part of
the dielectric permittivity of the material. It can be calculated from the refractive index real
and imaginary parts using €” = 2nk. And |E(\)|? is the local intensity of the electric field. In
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2.1. Propagation of Electromagnetic waves

that case, to increase the absorbed power density in a specific layer, we need to maximize or
concentrate the optical fields within this layer.

The total absorbed spectral power density inside a volume space is the integration of equa-
tion (2.13) over that volume [I11]:

PO = [[[ T e v, (2.14)

The spectral absorbance is evaluated by dividing the spectral absorbed power by the inci-
dent power [112], T13]:

A(N) = ]f(:)t (2.15)

where Pyt is the incident optical power. In the analysis of solar cells, light is modeled as
a plane wave source with a defined polarization, which differs from the spatially—incoherent
thermal light source feature of the sun. So an average calculation of two orthogonal polarization
states is required to account for the nonpolarized nature of sunlight.

In a solar cell, an important parameter is the short-circuit current, Jg¢, delivered from the
cell for a given solar irradiance. The ideal short current density is calculated from the active
absorption in the cell which occurs in the active layer only if we assume that every absorbed
photon generates an electron-hole pair [112]:

Jso :/%A(}\))\@AMlﬁg(}\)d}\, (2'16)

where ®an55(A) is the solar spectral irradiance as a function of wavelength [114], which is
the global standard spectrum used to characterize solar cells for terrestrial applications. The
term AM refers to the air mass coeflicient, which defines the direct optical path length through
the Earth’s atmosphere, expressed as a ratio relative to the path length vertically upwards, 7.
e., at the zenith. The subindex AM1.5g refers to the spectrum measured under representative
geometric and atmospheric conditions, for example, light absorption and scattering. And ¢ is
the electron charge, c is the speed of light in vacuum, and h is the Planck’s constant. The value
of Jgc obtained from equation is the maximum achievable photo-current from the device.
This happens because some losses, such as electrical transport, recombination, and extraction
losses, are not included in our optical model. However, there are many contributions that show
how the results of the optical modeling agree well with the experimental measurements [115]
116l 117, T18]. Our model will always determine the device performance with a nanophotonic
design and compare it to the performance of the planar form, so, it is a quantitative analysis
that explores how we can use these structures and designs to provide efficient devices, that are
competitive with the current devices.

2.1.4 Surface plasmon polaritons

A surface plasmon is an oscillation of the electrons, which exist at interfaces between two
materials of an opposite sign real part of the dielectric function, for example, metal/air [110].
The electron oscillations create an electromagnetic field that decays in the metal and the adja-
cent dielectric medium. Together, the electron oscillations and the accompanying electromag-
netic field are called surface plasmon polariton (SPP) [61]. The accompanying electromagnetic
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2. THEORETICAL BACKGROUND AND METHODS

field propagates adjacent to the interface between the metal and the dielectric and called sur-
face plasmon waves (SPW). When a plane EM wave incident on the interface between metal
and dielectric layers, as in figure it decomposes into two components, one perpendicular
to the interface, and the other parallel to it. If the frequency, and wavevector of the incident
light match those of surface plasmons an SPR is excited [61].

Dielectric &,(w) y g—x>
WAAAA
0

VTV T U
Z <

Metal €;(w)

Figure 2.3: Metal - dielectric interface where SPPs are generated. A surface wave propagates longitu-
dinally and couples to the surface plasmons of the metal. A surface plasmon resonance is excited when
the frequency, and wavevector for the incident light and the surface plasmons are matched.

The fundamental dispersion relation for SPPs can be obtained by analytically solving the
wave equations , for those solutions propagating adjacent to the interface and decaying
exponentially in the direction perpendicular to the interface. The derivation of this dispersion
relation is reported elsewhere, for example in [I19]. Such solutions exist for TM modes only
[119]. The propagation constant § of the surface plasmons is given by:

£1&92
€1+ é&9

B =ko

As for most metals, 1 is a complex value, and has the form of &} + ief, with a negative real
part, Re(e1) < 0, applying to the 8 value the same consideration. The imaginary part of
the propagation constant indicates the attenuation while propagating. By assuming |¢}| > &
which holds for most metals, we obtain the attenuation term of the propagation constant as

follow:
/ 7 5352 5? 5352 3/2
= 37 =k 1k . 2.18
B=F+ip 0 gl + €2 Tt 02(6/1)2 (8’1+62) (2.18)

The attenuation term, 3” shows the surface nature of these plasmonic waves as it decays
to zero far from the surface with a typical decay length in the order of 1-10 wavelengths. In
the following section, we will describe some common excitation methods of an SPR.

(2.17)

2.1.5 Surface plasmon resonance excitation methods

Figure 2.4]a shows the case of a dielectric medium with dielectric constant ¢, adjacent to
a metal layer with dielectric constant e,,. To excite an SPR mode at this interface, we can
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2.1. Propagation of Electromagnetic waves

use photons, where the wavevector of this photon must match the propagation constant of the
surface plasmon given by equation (2.17)). This matching is called the wavevector matching
condition. There are a lot of methods to excite the SPR, however, the most used ones are
presented in figure prism coupling ( Kretschmann figure b left and Otto figure b
right) , waveguide coupling figure c, grating coupling figure d, and optical fiber coupling

figure 2-4]e.

SPW

core

Figure 2.4: (a) The general condition for SPR to be exist the a structure has a metal layer in contact
with a dielectric layer, then, SPR is excited using the following methods: (b) Prism coupling methods,
Kretschmann (left) and Otto (right)). (c) Waveguide coupling. (d) Grating coupling. (e)fiber optic
coupling

We will focus on the prism coupling and the grating coupling methods as we used both
of them in our designs. In the prism coupling method, light is launched from a light source
at one side of the transparent prism with dielectric constant €, as in figure @,b, then totally
reflected at the prism—metal interface before collected by a detector. Through this process,
an evanescent field is generated and penetrate into the metal layer. When the propagation
constant of the evanescent field matches that of the SPW as described in equation ,
light is coupled to a SPW that decays on the analyte medium of dielectric constant ¢,. If the
incoming field is perfectly coupled to the SPR mode, the reflection is zero or very small, and
the angle of incidence is called the resonance angle. The coupling condition read as [53, [54]:

2T .
Tnp sin(6) = Bspp: (2.19)

where )\ is the incident wavelength, n,, is the prism refractive index, 6 is the incident angle, and
Bspp is the propagation constant of the SPW. Two important parameters of the SPWs, are the
maximum field intensity of the SPW in the dielectric medium, and the penetration depth (dspp
in the schematic of figure a), which is the spatial length of the SPW decay in the dielectric
medium. These parameters determine the interaction volume and strength of the SPW within
the dielectric medium.

In the grating coupling method, the SPW is generated by one of the diffraction lobes that
fulfills the wavevector matching condition instead of directly excited through the incoming
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2. THEORETICAL BACKGROUND AND METHODS

light, for this, the wavevector matching condition reads [61]:

];;Ox + Egrating = Esppa (2.20)

where on is the x-component of the wavevector of the incoming wavefront; Egrating = 2mm/P
is the grating wavevector, being P the grating period, and m the diffraction order; and Espp
is the SP wavevector generated at the interface. If we include the angle of incidence in the
wavevector matching conditions, it becomes [80]:

. 2mm EmEeff
k 0+ ——=ko/—— 2.21
n1kg sin 2 0 et et ( )

where kg is the wavevector in vacuum, 6 is the angle of incidence of the incoming wave,ny
is the refractive index of the incidence medium, e,, is the real part of the complex electric
permittivity of the metal, and e.4 = ngﬁ is the dielectric permittivity of an effective medium in
contact with the metal. We use the effective index to account for the medium near the metal
surface that combines the grating and surrounding materials.

2.2 Numerical methods

Numerical methods are mathematical algorithms typically used to find the solution of dif-
ferential equations that describe phenomena of which exact solutions may not be determined
analytically, or when a numerical solution is required. Usually, in these methods, initial values
and boundary conditions serve to start the solution by weighting it with an error function of
the solution guess, that has to be reduced. Depending on the problem domain size and the
complexity of the differential equations we can decide the applicability of each method. Some-
times, various methods can be applied to the same problem. In this case, the computational
cost and accuracy help us to decide which one should be used, or how to link the available
methods. In the following subsections, we will give a brief definition of some of the numerical
methods used in optical modeling.

2.2.1 Finite difference time domain

Finite-difference time-domain (FDTD) is a numerical method introduced by Yee in 1968
[120], 121] where the Maxwell equations are solved by discretizing time and space. In this
method, we use a Yee lattice to spatially discretize domains in terms of time where the E
and H field are stored at intermediate positions to reduce the memory consumption. Maxwell
equations in the partial differential form are then solved at discrete time intervals within the
Yee lattice to obtain the ' and H field at these intervals. The time resolution is related to the
spatial resolution, so we can account for several frequencies for non-dispersive mediums within
the time interval in one run. The FDTD method solves Maxwell equations for periodic and
non-periodic structures If we have a periodic structure, the Bloch boundary conditions may
be applied for simulations of waves in periodic media. A software-based on the FDTD method
computes the ' and H field at every time step until we obtain the full solution of the fields
for the domain under analysis.
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2.2.2 Ray tracing

Ray tracing in geometrical optics is an approximation that is used to calculate the optical
response like absorption, reflection, and transmission, by assuming that the light moves along
a trajectory. The transmission of light between interfaces is obtained after applying Fresnel
equations, to determine the optical response of the structure [I122]. Although some physical
effects such as interference and scattering are ignored in this method, some software allows
thin-film interference effects by applying this as surface properties to interfaces. This method
is suitable when simulating very large domains compared to the operating wavelength which
can’t be achieved using discretization based methods because of the computational cost. There
are some other propagation methods as: beam propagation method, rigorous coupled wave
analysis, Rayleigh-Sommerfeld diffraction, etc. These methods are the diffractive "versions"
of the ray-tracing methods and they are very well fitted to large volumes (tens, hundreds, or
thousands of wavelengths)

2.2.3 Finite element method

The finite element method (FEM) is a numerical method for mathematical physics that
finds approximate solutions for partial differential equations complying with boundary con-
strains and initial conditions. Finite element theory in general, and for Maxwell equations in
particular, is covered in many textbooks, for example, [123, [124]. The finite element method
allows us to discretize and solve differential equations using a mesh. A set of polynomial
functions express the field displacement of each mesh element. Then, the total solution is
determined for the whole domain by the summation of these individual solutions. In the FEM,
the computational domain should be discretized into non-overlapping subdomains called finite
elements. The typical discretization geometric elements for a computational domain are trian-
gles or quadrilaterals etc., in 2D, and cuboids, tetrahedrons, pyramids, etc., in 3D. The FEM
converts the boundary value problem into a system of algebraic equations. The method uses
initial values and boundary conditions to approximate the unknown function over the domain.
Each mesh element is represented by a simple set of equations, while a collection of theses
equation in a complex system of equation is used to represent the whole problem system. The
goal of FEM is to use the variational methods, which are mathematical methods from the
calculus of variations, to obtain an approximated solution through the weighted of an error
function that has to be minimized for more accurate solutions. Each numerical method has
some advantages. In our laboratory a commercial software based on the FEM is available, so
we will use it to construct and solve our optical models for various geometries and devices.
Having a small volume domains, through the discretization to tiny volume subdomains, the
methodology works satisfactorily. For this reason, FEM is widely applied to many fields [125].

2.2.4 Simulation package: Comsol Multiphysics

Comsol Multiphysics (Comsol) simulation package (COMSOL, Inc ) is a commercial soft-
ware based on the finite element numerical method [126]. RF and wave-optics modules solve
Maxwell equations in the frequency domain (or wavelength domain) for obtaining optical fields
in terms of spatial and frequency parameters. The main advantage of Comsol is the friendly
user interface that allows to set up complex optical problems and geometries, and let the built-
in solvers do the complex math. It also contains various visualizations and results processing
capabilities along with easy data export features. Its built-in boundary conditions and oper-
ators allow the shrink of infinite device size into a 2D or 3D nanometer-scale unit cell and
account accurately the result for the large scale device.
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Although the package can work for almost all practical system because of being based on
FEM, the modelization of large volumes requires an extremely high number of mesh points.
For this, Comsol uses a variety of solvers that adapt to each system to economize memory
usage and reach a solution faster and with a better accuracy. In many cases, the paradiso
(parallel sparse direct solver) [127] is used to compute the solutions to the models as it much
suitable for this purpose.

2.3 The optical model structure

In our study, we use the optical model to obtain optical designs with improved properties
using photonic and plasmonic effects. Figure describes the flow-chart process that we have
applied in this dissertation. We study several optical and optoelectronic devices which are solar
cells, optical sensors based on plasmonic resonances, and a hybrid technology that combines
both. So, we begin by selecting the device and determining its operating principles as the first
important step to build the model. We do that to know which elements and parameters have
to be taken into account in our model, which will have an impact on the performance of the
device, and those that can be neglected without any significant effect on the final result.

Select a photonic device

a4

Determine the operating principle of the device

Propose a design to improve the device

Define the parameters

Check limitations , feasibility and novelty

-

Build the model and check each parameter sensitivity

Choose a merit function and optimization procedures

Determine final performance and compare with recent reports

Figure 2.5: Flow-chart summarizing the steps of our work: from the start point of selecting the photonic
device of interest, until we reach an optimum optical design for it

To understand how the model works, we illustrate it with an example where we analyze the
importance of a 17 nm paSiH layer in an aSiH thin-film solar cell, which accounts for 21.45%
(mainly at short wavelengths from 300 to 450 nm) of the total absorption of a planar cell with
an active layer of 350 nm, and another example where we study the importance of 10 nm
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paSiH layer in a perovskite- c-Si multijunction (tandem) cell, which accounts for only 0.01% of
the total absorption in the planar device. In the case of the thin-film device, the paSiH layer
is located at the front surface of the device, below the top contact, and account for a high
absorption. In fact, we cannot ignore this layer in an optical model of thin-film aSiH cells,
because the increase in the optical field gained by any nanophotonic or plasmonic structure in
the front surface can be lost in this layer, and the same applies for other layers. However, for
the case of the tandem device, the layer is located at the front surface of the bottom junction,
so most of the incoming optical energy that can be lost at this layer is already absorbed or
reflected by the layers on the top cell. Furthermore, it has a negligible optical absorption, so
withdrawing this layer from the model has no impact on the final performance of the device.
However, doing that will simplify the model and reduce the computational cost as very thin
layers with a large domain typically require a high-density mesh.

Build the model and check each parameter sensitivity

index

Maxwell's equations solution

Figure 2.6: Detailed steps in the optical model.

After this first important step, we already built some knowledge about our device and we
are aware of the losses, so we can move to the design step that reduces these losses. When
proposing a design, we have to take into account the fabrication compatibility and feasibility
of such design. In general, avoiding ultra-thin features and unreasonable structures will be
better. The next step is to define which parameters affect the performance of this design to
optimize it. As we mentioned, many researchers and groups are working actively in this area,
so we have to always check the novelty and the impact of our design as a first step and through
the study. At this point, we can decide if the proposed design has merit to be subjected to our
analysis or move on to another proposal. Once all the issues discussed above are fulfilled, we
start building the Comsol model for the selected design. First, we check the sensitivity of the
device’s performance on each geometrical and material parameter in the design. After this,
we define a merit function that aims to improve the device’s performance, then we change the
design parameters to minimize or maximize this merit function. As a final step, the performance
of the device with and without the optimized design should be compared. The part that takes
most of the study time is the model building and parameter sensitivity check step. More detail
steps inside this item are shown in figure [2.6]
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Comsol allows the implementation of the characteristics of the optical source. For example,
we can illuminate the structure with the standard solar spectral irradiance obtained from the
National Renewable Energy Laboratory (NREL), AM1.5g for the solar irradiance by insert-
ing the data in Comsol, and assign the power to the source for this data while sweeping in
wavelength. Operators, functions, or physical effects can be easily integrated into the model.
Complex experimental refractive index data can be plugged into the model to complete the
large library of optical and physical constants that already exist in the package. The periodic
boundary conditions can be applied to the sides of the unit cell geometry. This allows shrinking
the full device into a manageable unit cell. Figure 2.7 shows an example of a periodic nanos-
tructure array placed on a thin-film solar cell, that only requires the computation of a small
unit cell for optical modeling. When necessary, the perfect matching layer condition removes
reflections from the unit cell domain boundaries and makes such small domain work as a full
large domain. The model tree starts with the parameterization of the constants and variables
for which we define each and reserve a name for it in the model. Then we built the geometry
using the Comsol environment, or import the design from another CAD software.
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Figure 2.7: A schematic plot of a 3D optical design ( right) with a spherical periodic array on top this
design is infinite in space, however in the model the boundary conditions can be used to convert it to a
small unit cell on the left, the details of each part in the unit cell is included in the plot

The model tree also contains the material section to assign a specific material to each
layer. The required properties and material constants depend on the physics and the set of
equations that will be solved in Comsol. So, the important section in the model is the physics
section as we can define the excitation, initial conditions, boundary constraints, and physical
equations. As a final step before performing the study, we should mesh the geometry. This,
require experience and patient until we obtain the best mesh that achieves a stable accurate
solution for the problem. During this study Comsol, uses a built-in statistical calculation to
parameterize the mesh quality that helps us to detect the property that needs refinement. In
any case, the most important parameters are the maximum and minimum element sizes which
have to be correctly defined according to the physics in the model. Finally, we need to perform
the study which can be in the frequency domain (RF module) or wavelength domain (wave
optic module). Loops in the study section and study steps are used to make a parameter sweep
within the model and perform multiphysics simulation.
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2.3.1 Analysis and postprocessing

Comsol is a powerful computational package that has many ways to evaluate and visualize
the results of a given model. The example presented in figure[2.7]is created using Comsol. The
post-processing and visualization tools are used to better understand the results. Once the
model has been evaluated, it is possible to explore the importance of variables using graphical
representations. These graphs present the result in terms of spatial maps, and plots in terms of
some other quantities, like frequency or angle of incidence, etc. We can create 1D, 2D, and 3D
plots for different quantities like the optical field maps for the full structures, or for a specific
location within the device. The full list is shown in figure 2.8la. Some of the post-processing
tools are derivations, integrals, or differentiation of data sets that extract the results in the
form of tables see figure 2.8 b. For further processing of the results and data in other software
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Figure 2.8:  Several screenshots from Comsol interface show some of the possible post processing
features that can be conducted inside Comsol environment

like Originlab or Matlab, we can export the results out of Comsol (see figure c). The maps
and plots in Comsol can be directly saved as an image file or to the clipboard.

2.3.2 Model validations

One important step is to make a sanity check of the model and see how close the calculated
responses are to those obtained from experimental and analytical models. A good numerical
model has to agree with the analytical solutions, as both are built on theoretical assumptions.
Although the numerical solution is done through some approximations and the analytical one
gives the exact solution of the problem, the numerical model can be improved by reducing the
difference with the test function that determines the error as much as possible.

Here in this section, we will show the excellent agreement between our optical model and the
analytical solution of some simple optical structures. First, we will calculate the transmission
and reflection response of a linear polarized plane wave incident on the flat interface between
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air and glass substrate. A schematic of this structure is presented in figure The refractive
index nj of the incident medium is replaced with a semi-infinite air medium with a refractive
index ny = 1 and the other medium is a semi-infinite glass substrate with refractive index
ng = 1.45. The structure can be modeled using a small unit cell and periodic boundary
conditions to account for the real dimensions in 2D. The analytical solutions, along with the
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Figure 2.9: Analytical and Comsol computed reflection and transmission spectra of a plan wave incident
from air side on a glass substrate with (a) TE polarization (b) TM polarization

Comsol computed results are presented in figure The results for TE polarized wave are
shown in figure 2.9]a and those for TM are in figure [2.9)b. As we can see, there is an excellent
agreement between the computed and the analytical solutions.

Another example with more complexity as a multi-layer structure that contains metallic
thin-film is the Kretschmann setup for the optical sensors. A map of the magnetic field H,
component at resonance is represented by the inset in figure [2.11l The transmission and
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Figure 2.10: (a) schematic of the Kretschmann setup where light is obliquely incident on the metallic
thin-film using a glass prism. The signal is retrieved using an optical detector. (b) The incident |,
reflected and transmitted fields at each interface are represented The transmission and reflection are
governed by Fresnel equations and the SPR mode is excited when the wavevector matching condition
is fulfilled.

reflection at each interface are given by the Fresnel equations as in the previous example.
However, here we have several interfaces and a spectral dependence of the absorption at the
metal surface determined by the excitation of SPR mode. By applying Fresnel equations at
each interface we have an analytical expression for the total reflection from the structure in
the form:
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Figure 2.11: The analytical and computed solution for a Kretschmann setup optical sensor, the inset
schematic is tthe magnetic field map for an angle of incidence where the plasmonic resonance is excited.
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where 712, 723 are the Fresnel reflection coefficients at the glass/metal and metal/air interfaces
respectively, k is the wavevector in the direction of propagation, and d is the metal thickness.
The SPR mode is excited when the wavevector matching condition in equation , is ful-
filled. We apply these calculations to a glass prism of refractive index n = 1.5217 coated with
a gold (Au) thin-film with thickness 40 nm. The wavelength-dependent complex refractive
index extracted from [I28]. Both the analytical solution and Comsol evaluation are presented
in figure An excellent agreement between the analytical and computed solutions is ob-
served, and also, the results agree well with the experimental study by having a resonance
angle § = 44.2° [129].

2.3.3 Significance and importance of optical modeling

In general, simulations are used to verify or optimize a design before prototyping and fabri-
cation. We can explore how the geometry, materials, or other parameters will affect the quality
of the device. However, that is not the only advantage of the numerical simulation. Under-
standing which parameters affect the most to the performance adds value to the design process.
Using simulation we can characterize how sensitive the response is with respect to uncertain-
ties; for example, manufacturing tolerances or material properties. Then, we can deduce which
changes are the most relevant, to improve the performance of a design. Although the numeri-
cal calculation implies approximations, some ideal assumptions, and ignores some layers of the
design for model simplicity, modeling can save a lot of effort and cost that could be wasted
through uneducated experimental trials. As a special case of our study, the optical modeling
of photonic devices provides the manufacturers and experimental laboratory with numerically
tested structures that perform as perfect absorbers [130], wide-angle optical acceptors [131],
and high efficient optoelectronic devices [I32]. Many contributions show the good agreement
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of optical modeling results with experimental and analytical solutions [115, 116} 117, [118].
However, the main purpose of our optical models is to qualitatively and quantitatively study
the effect of an optical design on the performance of a photonic device. To make our models
more reliable, we should pay close attention to the following issues:

e The validity of the device arrangement to function under the operation principle of the
device.

e To take into account all the structures that have an optical impact on the device perfor-
mance, including contacts, buffer layers, and selective transport layers.

e To consider the fabrication feasibility of the design into account by assuming reliable
geometries and shapes.

Finally, the results should always be compared to the state-of-the-art design of the device
under study, or to the device without the proposed structure.
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Nanophotonic designs for solar cells applications

Single junction based on c-Si is the dominant photovoltaic technology to produce commer-
cial, stable, and long-life devices. This is because of its high efficiency, raw material abundance,
and being nontoxic [133]. However, it has some disadvantages such as its high cost, complex fab-
rication methods, and heavy-weight panels which also, increases the final waste of the expired
devices [134] [135]. Therefore, it was necessary to develop new technologies to keep pushing
the progress of this important renewable energy source for different future applications [136].
Low cost devices are based on thin-film solar cells, some of them are already commercialized
in the photovoltaic market [I37, [138]. Their efficiency is compromised by the low absorption
gained by the small thickness of the thin-film semiconductor material, that forms their active
layer [I39]. The variety of high precision thin-film coating technologies allows their fabrication
on large areas [140]. For thick wafer based solar cells, a high purity material is required to
obtain efficient solar cell devices, and in some cases, even a single crystal structure is required
[134] 135]. However, for thin-film based solar cells, less purity and various crystal structures
could be used depending on the cell material type [I41]. Therefore, thin-film based solar cells
reduce the cost of device fabrication and the raw material itself. Various inorganic and organic
materials are candidates for thin-film solar cells. However, in terms of stability and long life-
time, inorganic semiconductors are much better for high efficiency solar cells [142]. Perovskites
and organic semiconductors are also promising because most of them can be deposited using
solution processing techniques. So, they can be applied to flexible solar cells, but their stability
and lifetime still need to be improved [143],[144]. Among the inorganic materials, aSiH is a good
choice for large scale fabrication because of its abundance and non-toxic properties. However,
they still have some challenges to overcome caused by the low mobility and short lifetime of
their charge carriers that reduce the probability of being extracted at the device electrodes.
Due to this, the optimum thickness of the state-of-the-art devices is limited to =~ 350 nm. Al-
though higher thickness leads to a higher absorption, low probability carrier collection results
in a reduction of the photocurrent and the fill factor [145], 146, 147]. The second limitation
for this material is a performance degradation induced by light exposure arising from SWE
[100], where the dark conductivity of aSiH can drop by orders of magnitude after prolonged
exposure to VIS. The origin of this degradation mechanism is the shift of the Fermi level close
to midgap, which leads to the photo-induced creation of 1016 — 10'7 new states near the middle
of the energy gap. The SWE is a bulk phenomenon, 7. e., it is thickness dependent and can
be compensated by annealing [I48]. The efficiency of an aSiH solar cell can be returned to
its initial state if the cell is annealed at 150° C for four hours [I00], or at lower temperatures
(e.g. at 80° C) over extended times [149]. Even more, light induced annealing could partially
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compensate SWE defects [I50], as solar cell temperature under operation, reaches values of
50° C to 60° C [I51]. So, increasing the parasitic absorption losses increases the cell operating
temperature, and produces self-annealing in the device, which partially mitigates the SWE
defects.

As we have seen before, silicon is an abundant and non-toxic material that allows both large
scale fabrication and portable devices. This is because it’s lightweight and can be deposited on
different substrates as a thin-film. However, some limitations about active layer thickness limit,
and the SWE defects, have to be overcome, mainly by promoting the absorption of ultra-thin
active layer [I52]. Reducing the thickness while keeping the absorption high, would improve
the probability of extraction of the charge-carrier, and hence the overall performance of the
device. Moreover, as an special case for this material type, a reduction or mitigation of SWE
could be achieved by increasing the cell temperature under operation, that produces in situ
annealing of the device. This could be done if we simultaneously improve the absorption at
every layer in the cell, along with the active layer. In this case, the absorption enhancement
in the active layer will be translated to an increase in the photo-generated current, while
absorption enhancements in other layers will mainly be converted to heat [I0I]. This happens
because of the dissipative losses and charge carrier recombination, which arises form the short
diffusion length and low mobility of minority carrier in this layers, and to the high density
of defect states [101 [153], 154 155, [156]. We aim to improve the performance of aSiH thin-
film solar cells by integrating it with a nanophotonic structure with broadband anti-reflection
characteristics, useful focusing, and scattering capabilities.

Both wafer and thin-film based single junction cells have an efficiency limit calculated by
Shockley—Queisser that is 30% for a semiconductor with a bandgap of 1.1 eV [42]. Shockley and
Queisser assume the spectrum of a black body at temperature 6000 K for the solar spectrum
to simplify their calculation, while more recent calculations use the air mass solar spectrum
AM 1.5g, provides a maximum efficiency of 33.7% at an optimized bandgap of 1.34 eV [157].
However, the most common material employed in the market for solar cells applications is
Si, which has a bandgap of 1.1 eV. Therefore, the maximum theoretical efficiency is reduced
to about 32%. In practice, the commercial mono-crystalline solar cells reach an efficiency
close to 24% for large scale modules, and they can achieve up to 26% for small size devices
in laboratory conditions [I33]. As we have seen, the theoretical limit is difficult to reach in
practice, because of the reflective, parasitic, and resistive losses from different interfaces in the
device. To make photovoltaic technology more competitive it is necessary to overcome this
limit, for example, by using multi-junction solar cells. In multi-junction solar cells a stack of
two or more junctions between materials with different bandgaps is arranged in one device.
This element can absorb a wider band spectrum, and can overcome the Shockley—Queisser
limit of the single p-n junction devices. Even the multi-junction solar cells have a maximum
limit for their conversion efficiency, which reaches 86.8% depending on the used materials, the
number of layers, and the structural design [I58].

Another option is a tandem solar cell that consist of two junctions solar cells sitting one
on top of the other [I59]. They can offer a higher efficiency than single junction devices at
a moderate cost. In a monolithic tandem solar cell, the photons with short wavelengths are
absorbed in the top cell, having a larger bandgap, and the photons of long wavelengths are
transmitted to the bottom cell. A combination of thin-film solar cells on top of a c-Si wafer
solar cell has been widely investigated in the last decade [160]. Perovskite thin-film solar
cells are a promising candidate for the top portion of the solar cell or as a valuable option
by themselves [161]. They are low cost, easy to be fabricated through solution processing

34



3.1. Nanostructured broadband anti-reflection coating for aSiH thin-film solar cells

techniques, and highly efficient [I43]. Perovskite materials have a good optical response, and a
tunable bandgap near the silicon one (1.5-1.8 €V), making them easy to combine with current
silicon technology. In the last five years, researchers report several designs for monolithic
devices composed of perovskite/c-Si, and most of them use texture surfaces as a light trapping
mechanism [162]. There are two ways to arrange the cells together: 4-terminal setups, and
2-terminal [I63]. In the 4-terminal configuration the two cells are mechanically stacked on the
top of each other with a transparent separation layer, typically made of glass, in between. Each
subcell is fabricated independently, and also is electrically isolated, to avoid the constraints
arising from having them directly in contact, such as output current matching, multi-layer
deposition, and tunnel junctions compatibility [164]. However, in this configuration, each
subcell has a separated top and bottom electrical contacts, which involves more reflection and
absorption losses than two contacts only for the whole device. Also, the insulator transparent
layer that separates the two cells, adds additional reflection losses. In contrast, the two cells in
a 2-terminal device are directly stacked over each other and separated by a thin single tunnel
junction in an unique device. For the 2-terminal, the electronic circuit is simplified and the
number of contacts is reduced. Besides, the removal of the intermediate insulator makes the
optical management simpler. However, the 2-terminal configuration requires current matching
between the top and the bottom cell for proper operation, and fabrication compatibility of
each layer should be considered [164]. In this work, we will focus our study on these two types:
namely aSiH thin-film solar cells, and 2-terminal monolithic perovskite/c-Si solar cells. We aim
to use nanophotonic structures to reduce reflection losses and concentrate the light in the active
layer of the device over a wide band spectrum, where the selected device operates. Manufacture
feasibility, effective operation of each device will be considered in our optimization.

3.1 Nanostructured broadband anti-reflection coating for
aSiH thin-film solar cells

Anti-reflection coatings (ARC) are used to trap light in optoelectronic devices and increase
its probability of being absorbed. The simplest form of this coating is a planar dielectric thin-
film, which can realized as a single or multilayer arrangement. If the thickness of the front
buffer layers and/or electrode of the a solar cell is comparable to the active layer thickness,
their optical losses are not negligible and a planar ARC may not offer an efficient solution to
reduce the total reflectance of the solar cell. For this reason, a nanostructured ARC can be
a suitable option for a better performance. First, we will study the optical response of the
planar device and optimize a single and double layer ARC. Then, we will explore the effect
of a one dimensional dielectric grating printed on top finished device. That means that the
fabrication of the devices does not change, and only we need to add an additional step of
fabrication. Finally, we will compare the results in terms of the absorption at the active layer,
and absorption/reflection losses for each design.

3.1.1 Planar aSiH solar cell

We begin our study by modeling the optical response of the planar thin-film aSiH solar
cell. The refractive index for each layer extracted from previous studies as follow: aSiH layers,
[101], indium tin oxide (ITO) [165], Ag [128], silicon nitride (SigN4) [166], n-type, p-type, and
intrinsic aSiH (n, p, i aSiH) [101], and aluminum zinc oxide (AZO) [167].

Semiconductor materials absorb light in the ultra-violet (UV), VIS and NIR spectra de-
pending on the material’s band-gap. Each semiconductor material is characterized by its
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wavelength dependent absorption coefficient, which determines the required thickness to ab-
sorb light at each wavelength. Intrinsic amorphous silicon hydrogenated (iaSiH) has a low
absorption coefficient at the edge of the VIS near to the material bandgap edge [16§], so, it
has a low absorption at these wavelengths. We can improve the absorption of iaSiH layers
by increasing their thickness, where the light travels longer distances in the material and its
probability to be absorbed will increase. The optical response of a thin-film of iaSiH with
different thicknesses is shown in figure [3.1]a.
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Figure 3.1: (a) Spectral absorption of a thin iaSiH thin-film with different thicknesses deposited on a
glass substrate. (b) Maximum photo-current generated from the absorption in (a), as a function of the
iaSiH film thickness.

As we can see in figure [3.I]a, the absorption increases with thickness at long wavelengths.
We limit our calculations until 400 nm due to the limitation of the active layer thickness
discussed in section [3] The thickness of the iaSiH active layer is relevant to the overall perfor-
mance of the cell. Larger thickness means larger absorption within the absorption band of the
material, particularly at longer wavelengths. The Jg¢ , is calculated from an integral function
of the absorption (see equation (2.16))). As Jsc reaches an asymptotic value, it means that a
thicker active layer does not produce a significantly larger absorption [169) 170} 171].

Solar cells made of aSiH semiconductors, are used in many applications in the photovoltaic
market as commercial solar cells. A conventional layer structure of aSiH thin-film solar cells
is as follow (see figure [3.2la) (bottom-to-top): Ag (200 nm) / AZO (100 nm) / naSiH (22.4
nm) / iaSiH (350.5 nm) / paSiH (17.5 nm) / (ITO 70 nm) [I72, 173, 174]. Each layer in
this device is necessary for the device to operate properly. For example, n, and paSiH are
buffer layers that build the junction potential barrier to separate the photo-generated charge
carrier, and route them toward the contacts. AZO is placed between the metallic back contact
and the semiconductor layer to prevent the metal atoms from diffusing in the semiconductor.
This is important because the diffusion of the metal atoms would change the doping level in
the semiconductor layers and create trapping sites for the photo-generated charge carriers,
reducing the collected Jgo. ITO serves as an electrical contact for charge carrier collection
and transparent for allowing light transmission to the active layer of the cell. The active layer
is iaSiH layer at which the absorbed photons will contribute to the electrical current. The
complete optical response of all layers in the device and the total reflectance are presented in

figure 3.2]b.

After describing the function of each layer in the cell operation, we evaluate the impact of
every layer on the optical response of the cell (see figure [3.3)). The back contact is responsible
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Figure 3.2: (a) Geometrical arrangement of the layers of a reference solar cell (the numbers mean the
thickness of each layer). (b) Spectral absorptance of each layer for the reference cell described in (a).

for reflecting back the long wavelengths (they have a low probability to be absorbed in the front
layers and can reach the back contact) and increases its absorption probability. Besides the
function of ITO as an electrical top contact for the device, it works as a transparent window for
the device illumination, and also as an ARC. In fact, once we add the ITO layer, the absorption
of the iaSiH layer enhances, due to the functionality of ITO as ARC. The paSiH layer accounts
for high absorption losses at short-wavelengths, as it is placed on top of the active layer and
exposed to the incoming light first (see the bright green line in figure b). Finally, the naSiH
layer and the AZO layer have a negligible effect on the optical response of the cell, because
they are placed below the active layer, and a small amount of light reaches them.
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Figure 3.3: Optical response of the device after the successive addition of each layer.

In table [3.1] we present the values of Jg¢, after the addition of each layer, as in figure [3.3]
and how it is affected by each layer. The layer-by-layer calculation of the planar device is
made only as a demonstration of the impact of each layer on the optical response of the device.
However, a real practical device can’t work properly without all of these layers. As we have
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Table 3.1: Effect of each layer in the planar device on the Jg¢ of the device.

Structure  Jgo [mA/cm?]

iaSiH/glassg 8.59
iaSiH/Ag/glass 10
ITO/iaSiH/Ag/glass 13.3
ITO/paSiH /iaSiH /naSiH/Ag/glass 11.7
ITO/paSiH /iaSiH /naSiH/AZO/Ag/glass 11.67

already seen, increasing the absorption in the active layer enhances Jg¢, and the enhancement
in the absorption of the buffer layers, partially mitigates the SWE defects, so we always will
consider every layer in the solar cell structure, instead of taking the active layer only into
account. Actually, we can’t ignore the buffer layers as they have a non-negligible optical effect
and a significant part of the enhancement of any proposed design will be lost in these layers.

3.1.2 Optimization of a planar ARC

Our goal is to maximize the absorption of the active layer, and reduce the reflectance. As
the absorption of the iaSiH active layer extends from 300 nm to 800 nm (we will call this
range A4, which refers to the wavelength interval of active absorption), the optimization will
be limited to this range. Finally, after optimization, we will calculate the whole response of
the device in the range from 300 to 1000 nm (we will call this range Ay , which refers to the
wavelength interval that includes active and parasitic absorptions) to account for the total heat
losses too.

We see in subsection how ITO layer works as an ARC. To further explore this func-
tionality of the ITO layer, we calculate the Jgc and the weighted reflection (weighted to the
standard solar irradiance, AM1.5g) losses of the device for different ITO thicknesses. The
simplified weighted reflection losses R,, », can be calculated from the following equation [I75]:

Ry, = Sy Pamisg(A)R(A)dA
oo L @amisg(A)dh

where R) is the spectral reflectance and ®an1.55(A) is the solar spectral irradiance.

(3.1)

An efficient ITO layer (in terms of electrical conductivity and transparency) has a thickness
around 70 nm [I76]. The Jsc and the Ry, x1, of the device using this thickness is 11.7 mA/ cm?
and 3.39% respectively. However, this thickness is not the optimum for the ITO as an ARC.
In figure a an ITO layer of 50 nm thickness gives a Jgc and R, 5, of 12.1 mA/ cm? and
3.17% respectively. The direct deposition of very thin ITO leads to poor conductive thin-
films. Another approach is to deposit a thick ITO layer and use chemical etching to reduce its
thickness [I76]. In this approach, an ITO layer with a reliable optical and electrical properties
can have a small thickness down to 35-40 nm. Although it is possible to fabricate a functional
ITO layer with the optimized ARC thickness, the enhancement is not enough to compensate
the extra fabrication steps in the device.

Another proposal is to use an additional planar dielectric layer on top of the cell to form
with ITO a two layers ARC. We first assume a dielectric material with negligible losses (i. e.
the refractive index is real). This assumption is applicable for many dielectric materials such

38



3.1. Nanostructured broadband anti-reflection coating for aSiH thin-film solar cells
— T . T 3.8 L Ty | W
a)12 o b
@ralel . o e ® -
E\t\"“.. '\ R 0.8 Y i azo
1 . o
M1 A * A 34 i —nasiH
§iox . X e .
T A ., 132 “< 0.6 ——iaSiH-50
g 10_... g\’ ;... < - paSiH
< X %, 3.0 m; o3 —1ITO0
£ " kg < 044
—_ 94 *e R ot Y
g "!'i"/ .t‘ _2.8 ------
- 8 g"t.,,. 2.6 0.2 iaSiH-70
Q.“‘
_2.4 . etage
7 T 0.0 T
400

600 1000
A[nm]

150 200 250 500 700 800 900

to [nm]

50 100 300

Figure 3.4: (a) Effect of the ITO thickness on the Jg¢, and the reflectance (over the wavelength range
A= 300-800 nm) of the cell. The red vertical line define the values for the cell with ITO layer of 70 nm.
(b) The optical response of all cell layers for the optimum ITO thickness selected from (a) as 50 nm
which combines the highest Js¢ and a low reflectance

as Si0y , magnesium fluoride (MgF2), SisNy ,etc). A two variable optimization of the short
circuit current of the cell in terms of the parameters of this layer, that includes the refractive
index and thickness is presented in figure a and the corresponding R, , is in figure b.
In these two figures we can see that a planar dielectric ARC on the top of ITO, can provide
minimum reflectivity and a Jgco comparable to that of the planar device (Jgo = 11.67 mA/ cmz)
for materials with refractive index below 1.3. So, this design doesn’t provide any enhancement
compared to the optimized planar device with single ARC from ITO.

However, if we reduce the thickness of the ITO layer to only 40 nm, which is the mini-
mum fabricable reliable layer [176], some materials with refractive index between 1.3- 2.0, and
thickness below 50 nm can give a Jgc and R, », of 12.66 mA /cm? and 2.9%, respectively.
The results of this design are presented in figure [3.5]c,d. The optimum refractive index and
thickness of the ARC that give the highest Jgc enhancement (see the area highlighted with
dotted black ellipse in figure c¢) does not exactly coincide with those which give the min-
imum reflectance (see the area highlighted with dotted black ellipse in figure d). This is
because the enhancement in Jgo comes mainly from a reduction in the absorption in the ITO
layer itself and slightly from the reduction of reflectance. The main difference between the
single ITO 50 nm thick ARC and the double ITO/dielectric ARC is that the double ARC can
redirect the light energy gained from the ITO thickness reduction to the active layer of the
cell, and therefore it produces a larger Jgo value.

If we take two materials in the optimized range of figure c,d (tarc < 50 nm , naRrc
1.3- 2.0) namely MgFg (tARC =40 nm, NARC ~ 1.37 at A = 500 nm ), and SigN4 (tARC =20
nm, narc ~ 2.063 at A = 500 nm ), we obtain an enhanced optical response of the device in
terms of both Jg¢ increase and reflectance decrease. The results for these two optimum cases
are presented in figure a,b. The Jsc and R, , are 12.549 mA /cm? and 3.0% for MgFs |
and 12.62 mA /cm? and 3.27% for SigNy. Although R, », for the optimized ITO 40 nm/SizNy
double ARC is larger than that of ITO 40 nm/MgF5, the first produces a better Jgo value.
This is because more light is absorbed in the p layer for the MgF, case instead of being directed
to the active layer. As a conclusion from figure [3.5]c,d, a planar double layer ARC made of
ITO/dielectric material could achieve an average enhancement in the Jgco of about 7.7% and
an average reduction in the reflectance of 11.5% in the range of A= 300-800 nm.
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Figure 3.5: (a), (b) Optimization of a dielectric ARC layer on top of the 70 nm ITO layer as a function
of the refractive index and the thickness of this layer. The values on the left of the vertical black dashed
lines in (a), and (b) are those that give a performance comparable with the planar device with single
ARC made of ITO, where the values on the right provides a lower performance. (c), (d) Optimization
of a dielectric ARC layer on the top of a 40 nm ITO layer. The areas marked with dotted black ellipses
in (c), (d), show the locations where the device of 40 nm ITO layer performs better than the planar
device of ITO 70 nm layer. The dotted blue curve in (c) defines the refractive indices and thicknesses
of the planar dielectric ARC layer, that gives the same values of the planar device with an ITO 70 nm
layer.
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Figure 3.6: The optical response of the optimized: (a) ITO 40 nm/MgF5 40 nm double ARC. (b) ITO
40 nm/SigNy 20 nm double ARC

3.1.3 Dielectric nanostructures for iaSiH cells

The next proposal is a nanostructured 1D grating with different profile shape (rectangular,
trapezoidal, and triangular) placed on top of the planar device [I77]. A schematic diagram
of the proposed design is shown in figure [3.7]a. The proposed nanostructures, when properly
arranged and deposited on top of the ITO layer, increase the Jgo. The unit cell of the model
has a fixed arbitrary period of 1000 nm (for simple optimization and fabrication feasibility).
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Figure 3.7: (a) 3D diagram for the patterned cell showing the modeled unit cell selection. (b) The
geometrical parameterization with different 2D profiles of the nanostructure. (c¢),(d) Maps of the electric
(TE polarization) and magnetic (TM polarization) field distributions for a selected wavelengths of the
nanostructure (top maps) and the corresponding planar device (bottom maps).

The grating parameters are its height (GH) and width (GW), with an additional parameter
for the trapezoidal case, that have a fixed top width (TW) of GW /2. This TW, is zero
for triangular geometry. We aim to maximize Jgo by selecting GH and GW for the three
profiles. When evaluating the electromagnetic behavior of the device with the rectangular
grating structure, we find that, at some wavelengths, the electric and magnetic fields are highly
concentrated inside the active layer(see figure [3.7,c,d). Similar effects occur for other shapes

too. The light confinement at specific wavelengths is a result of diffraction and resonances of
the subwavelength grating structures [178)].

3.1.4 Optimization of the nano-grating ARC

The optimization of the proposed nanostructured ARC layer is made by maximizing the
short-circuit current, Jgo, when varying the geometrical parameters of the grating GW and
GH. The dielectric grating and the surrounding medium (air in our case) forms an effective
medium, that behaves like a planar slab with effective refractive index [I79]. The effective
refractive index index of the grating is polarization dependent, and is calculated according to
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the homogenization method [180]. For a dielectric grating with refractive index ng, surrounded
by a medium of refractive index ng, and the grating has a geometrical parameters, height
(GH), width (GW), and period (P), the grating material has a fraction f of the total volume
containing the grating and the surrounding medium. Then, the zero order approximation to
effective refractive index is given for TE and TM polarizations as:

Nrgo = \/ng(l - f)+ nf,ﬂ (3.2)

Nrno = il . (3.3)
NIRRT

In our design, the dielectric grating forms a medium with effective refractive index on the top
of ITO that produces better coupling of the incoming light waves in the cell [I81] 182, [183].
Figure [3.8a,c,e shows the value of Js¢ in terms of GW and GH, for the nanostructured ARC
design with rectangular, trapezoidal, and triangular profiles respectively. We may check that
a maximum value of Jsc=12.77 mA /cm? is obtained when GW = 850 nm and GH = 260 nm.
This value is about 9.15% larger than the reported value of 11.7 mA /cm? corresponding to the
planar reference aSiH cell. The Jgo enhancement of all profiles is almost the same, being the
triangular shape a little better than the other shapes. We have to notice that the main reason
for the Jgo enhancement is the reduction in the reflectance, as we didn’t reduce the thickness
of any absorbing layer in the cell for the nanostructured case.

The R, deceases to 1.95%, 1.9%, and 1.7% for the rectangular, trapezoidal, and trian-
gular gratings, respectively, which is more than 40% for all grating shapes. This improvement
translates to an average enhancement of 9% in the Jg¢, besides the enhancement in other layers
of the cell. The single and double planar ARC optimization requires a reduction in the ITO
layer thickness which may compromise its capability to work as a front contact. Moreover, the
small thickness ITO needs complex ultra-thin fabrication techniques [176} [I84] or a chemical
etching process in hard solvents which may affect the other cell layers. In contrast, the simple
nanostructured ARC can be fabricated on a large area using nano-imprint technology, or a
soft etching of a predefined pattern on an operational thin-film device. Another important
advantage is the wide range of geometrical parameters available for the fabrication, instead of
being limited to a very thin layer of the planar optimized ARC. Jg¢ reaches a maximum value
for several combinations of the geometric parameters. The optimization was made using the
average of TE and TM polarization to represent the unpolarized nature of sunlight. In the op-
timization maps in figure [3.8la,c,e we can also notice that the location of optimum geometrical
parameters for each profiles, moves to larger height and width when changing from the rect-
angular to trapezoidal, then to triangular. The reason for that is the effective index required
for a good coupling of the incoming light to the cell depends on the volume fraction of the
grating. The effective refractive index for gratings with the same height and width decreases
when moving from rectangular profile to trapezoidal and triangular profiles. This is because
the rectangular profile covers a larger area than other shapes. If the volume fraction of the
rectangular grating that achieves the required effective index has values GW and GH, then
other profiles will need larger values of GW and GH to achieve the same optimum effective
refractive index.

In the optimization of the geometrical parameters of the grating, we choose SizN4 as a
material for the grating itself. However, for more fabrication feasibility and compatibility,
we checked if other materials can replace SisN4 without compromising the ARC performance.
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Figure 3.8: Maps of the value of Jg¢ as a function of the geometric parameters GW and GH, of the
grating with (a) rectangular profile, (c) trapezoidal profile, and (e) triangular profile. The corresponding
maps of the weighted reflectance for each case are presented in (b),(d), and (f) respectively. The blue
dashed line in the Jg¢ maps define the GW and GH that gives the same values of the planar device
without the nano-grating ARC. While the black dotted circles defines the GW and GH values that give

the highest Jg¢o and the minimum reflectance.

This step provides the manufacturer with the possible materials set that could be used for the
nanostructured ARC.

To do that, we assume first a lossless dielectric material with real refractive index, and
scan for the changes in the Jgo when changing the refractive index, and GH, of the grating.
Through this second optimization, we will use the findings of the first step optimization, we
choose the triangular profile because of its better response than the two others. The GW and
GH determine the amount of material necessary to achieve an effective refractive index for the
best coupling of the incoming light into the cell layers. Then, for simplicity of the optimization,
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Figure 3.9: (a) Map of the value of Jg¢ as a function of the geometric parameters narc, and GH, of the
triangular grating. (b) Map of the weighted reflectance. The blue dashed line in the Js¢ maps define
the ngprc and GH that gives the same values of the planar device without the nano-grating ARC. While
the black dotted circles defines the narc, and GH values that give the highest Js¢ and the minimum
reflectance.

we choose only one of them, so, we fix the width and the period at GW = 500 nm and 1000
nm, respectively, and change only GH, and the refractive index of the nanostructured ARC.
The optimization map in figure 3.9 shows that a wide range of dielectric materials can be
used for the nanostructured ARC, with refractive index in the range (narc = 1.3 to 2.4), while
maintaining a Jg¢ enhancement. As example we can use MgFy (narc = 1.3798 at A = 500nm)
[185], silicon dioxide (SiO2, narc = 1.4623 at A = 500nm) [I86] , Poly-methyl methacrylate
(PMMA, narc = 1.4973 at A = 500nm) [I87], or SizNy (narc = 2.0634 at A = 500nm ) [I88].

3.1.5 Response of the optimized nanostructure

The resonances in figure c,d also appear as peaks in the spectral absorption (see figure
. In this figure, we keep using SigN4 as the grating material and calculate the response
for each design. The selected optimized geometrical parameters GW and GH are 350 nm, and
150 nm for the rectangular profile, 450 nm, and 180 nm for the trapezoidal profile, and 700
nm, and 240 nm for the triangular profile. Although we did this selection to plot the response
of the optimized nanostructured ARC, several combinations of geometrical parameters can be
made within the highlighted zones in figure 3.8}a,c,e. Therefore, more light is arriving at the
active iaSiH layer when using a nanostructured ARC. This is proved by evaluating only the
absorption at the iaSiH layer spectrally. In figure [3:10}a, we can see how the improvement
appears at every wavelength for the iaSiH layer, while figure [3.10)b,c shows a large reduction
in the reflectance of the device that translates to absorption in all layers of the cell. The device
works as a perfect broadband absorber through the whole absorption band of the cell when
using the triangular grating ARC for example. Figure [3.10}b indicates that the origin of the
enhancement of the absorption is due to the reduction of the reflectance. The total spectral
reflectance and absorption of the reference cell, and the optimum nanostructured ARC cell, are
shown in figure [3.10)b,c. From these figures, we can see how a nanostructured ARC increases
the absorbed power in the active layer and the auxiliary layers together by reducing reflectivity.
At this point, we should remember that increasing absorption in the auxiliary layers helps to
heat the cell, and this thermal dissipation improves the repairing effect of those damages caused

by SWE [100].
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Figure 3.10: (a) Spectral absorptance at the iaSiH layer for the planar and nanostructured devices

with different grating profiles. (b) and (c) are the corresponding total reflectance and total absorption,
respectively.

3.1.6 Power budget analysis

To better understand where the active and losses happen, we calculate the absorption of
each layer as a percentage of the incident solar irradiance along with R,, », for each case. The
range between 300 nm and 800 nm (A,4) describes the spectral region where the photovoltaic
conversion occurs. The extended range between 300 nm and 1000 nm (A7) includes the NIR,
where absorbed light is converted mainly to heat. Also in the Ap region, reflectivity is lower
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for the nanostructured case, meaning larger absorption that repairs SWE damage. This could
help us to improve future designs by properly direct the confined light to the active layer of
the cell. From figure [3.11}a we can see that the total absorption losses in buffer layers and
contacts increases from below 25% for the planar device, to more than 35% for the devices
with nanostructured ARC. This is more than a 42% increase in the absorption losses, which
means that we need to refine the design to properly direct this energy to the active layer of
the cell. From the same figure, we can also see that the total absorption losses for the device
with an optimized single (ITO50) and double layer (ITO40/dielectric) is lower than for the
planar device (ITO50 means an ITO layer having a thickness of 50 nm). This confirms that
the origin of the Jg¢ enhancement for this planar ARC designs comes from the reduction of
both absorption losses in buffer layers, and a slight contribution due to the reduction in the
reflectance for the planar ARC designs. Figure [3.1I}b shows how more absorption in the active
layer is obtained when using optimized planar and nanostructured ARC. The triangular grating
can provide about 12% enhancement in the absorption of the active layer. Finally, figure c
summarizes the total reflectance and absorption of each design. The total reflectance of the
planar device in the range (Ar) is about 49% and 51% for the total absorption. Most of this
reflection happens beyond the absorption band of the active layer and only 3.39% are in the
range (A4). However, the largest intensity of the solar irradiance lies in the VIS band, so, any
variation in reflectance is very important if the light is properly collected in the active layer.
A slight decrease in the total reflectance happens for the optimized ITO layer with 50 nm
thickness and ITO40/ MgF2 double layer planar ARC, being the values 48.7% and 47.2% for
both cases, respectively. The ITO40/ SigN4 double planar ARC shows a small decrease in the
reflectance in the range (A4), but the total reflectance of this design for the whole range (A7)
is even higher than the reflectance of the planar device. Finally, the total reflectance of the
devices with the nanostructured ARC decreases significantly for all profiles reaching 35.24%,
35.32%, and 33.7% for the rectangular, trapezoidal, and triangular profiles, respectively. This

Table 3.2: Total Reflectivity for the proposed designs in two spectral ranges. The number in parenthesis
corresponds to the relative change (as a percentage) with respect to the reference cell.

Structure Ry, % Ry g %

planar ITO 70 nm 3.39 49
lanar ITO 50 nm  3.17 (- 6.5) 48.7 (-0.6)
MgF2-ITO 2.9 (- 14.5)  47.2 (-3.7)
Si3N4-ITO 3.3 (- 2.6) 49.8 (+1.6)
Nano-rectangular 1.95 (-42.51) 35.2 (-28.16)
Nano-trapezoidal — 1.89 (-44.2)  35.32 (-27.9)
Nano-triangular 1.7 (-49.9)  33.7 (-31.22)

means that we have a total reduction in the reflectivity of the device of about 31.2% for the
triangular structure in the range (Ar). As an additional remark to emphasize the goodness
of the proposed nanostructured designs, we show in table the reflectivity values for the
optimum designs obtained previously.
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Figure 3.11: (a) Active absorption in the iaSiH layer. (b) Parasitic absorption in buffer layers and
contacts. (c) Total reflectance and absorption in the range of Ar.

3.2 Funneling and guiding effects in aSiH thin-film solar cell

As we discussed in section [3] the thickness of the active layer of the solar cell is very
important from the optical and electrical points of view. Each cell type has an optimum
thickness that gives the best absorption and an efficient photogenerated carrier extraction.
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Larger thickness means better absorption until all the photons with different energy in the
entire absorption band of the active layer have a chance to be absorbed. However, large
thickness means a long distance for the charge carriers to travel before being collected at
the corresponding electrodes. So, a trade-off between both mechanisms gives the optimum
thickness that makes the cell perform efficiently. One of the strategies to optimize solar cell
design is to reduce the thickness as much as possible and use nanophotonic structures to
concentrate the light in the active layer. This advanced concentration strategy is based on a
nanostructure design with a broadband response, suitable for solar cells with its broadband
absorption spectrum. Here, we use the same planar aSiH as in the previous model, reducing
the thickness of the active layer by more than 57% until 150 nm. The next step is to apply a
nanophotonic design that is able to enhance the absorption in this active layer over broadband,
and make this ultra-thin layer absorbs better than a planar cell with conventional thickness.

3.2.1 Design of advanced light concentration strategies for ultra-thin solar
cell application

We start our model by simulating the optical response of the planar device with an active
layer of 350 nm thickness and compare it with the same cell when the thickness is reduced to
only 150 nm. From an electrical point of view, reducing the thickness of the active layer means
a shorter distance for the photo-generated charge carriers to move until collected through the
corresponding electrodes. As a particular case for aSiH thin-film solar cells, small thickness
means a lower number of SWE defect states [I89]. The experimental optical constants of the
n,i and p aSiH layers were from [I01], the optical constants for each layer in the cell presented
in ﬁgura is the same like in Vora. et al., [I0I]. The reference planar is arranged from
bottom to top as follow : Ag 200 nm / AZO 100nm / naSi- 22.5 nm / iaSi- (150 or 350)
nm / paSi- 17.5 nm / ITO 70 nm, where the numbers represent the thickness of each layer.
The results are presented in figure [3.12)b, and the obtained short-circuit current is Jgo = 11.7
mA /cm?, which is the same result given by Vora et al. [I01].
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Figure 3.12: (a) Schematic diagram of the reference planar cell arrangement and thicknesses. (b)
Spectral absorptance of each individual layer in the cell when the active layer thickness is 350 nm, the
absorption of 150 nm iaSiH active layer is added as a line with stars.

The absorbed power at each layer depends on its optical constants and thicknesses. The
absorption band for each layer is also limited by its bandgap [169, 190} 191, 192]. Besides,
the absolute amount of absorbed light at a given layer depends on the amount of light that is
actually reaching it. So, front layers usually account for more absorption than deep bottom
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layers. These reasons explain the different contributions to the absorbed power within the cell
structure. In the case of 150 nm iaSiH layer shown in figure [3.12|b as a starred symbol line,
the cell accounts for only Jgc = 8.98 mA /cm?. This expected low value is due to the reduction
of the thickness of the active layer and hence, its absorption. The optical losses due to the
reduction in the thickness of the active layer is distributed as more parasitic absorption in all
other layers and also leads to more total reflection of the device.

3.2.2 1D nanostructured profile for aSiH cells

Texturing the geometry of the front or back contacts at the nanoscale has been proposed
to enhance the trapping of light inside the active layer of the cell [14} [15] 16, 17, 18], 19, 20].
This approach requires the combination of an optimum geometry, and an appropriate material
choice compatible with the cell structure, maintaining a good optical and electric behavior.
Our design is a 1D high aspect ratio grating with different profiles [193]. This is used as a
template for the cell deposition. The goal for this design is to reroute the light by the grating
structure and increase its path length within the active layer, allowing a higher probability
to be absorbed. Also, this design increases the total area of the active layer exposed to light
without increasing its thickness. Our first choice of material to generate such scaffolding for
the structure has been SigN4. Although this dielectric material is widely used as an ARC
material, here we use it to create a textured surface on the back contact of the structure.
Once this nanostructure is built, it can act as a pattern to grow on it the multilayer cell
arrangement conformally. Several shapes may results from the conformal deposition over a
high aspect ratio grating [194, [195]. Perfect trapezoidal layers [196], and cylindrical shaped
[197] were fabricated using an atomic layer deposition method. The profile that results from
the conformal deposition of thin-films over a stepped grating structure is a layer with a shape
close to the textured template with different coverage thicknesses on top, side, and bottom
of the grating [198], that can be controlled using the fabrication parameters. We can take
advantage of this natural behavior to check if it works better for multi-layer devices, like solar
cells. In this case, we modeled different profiles and final shapes of the conformally deposited
layers: the triangular grating with small side coverage for cell layers, round top grating with
perfect cylindrical layers of the cell, and finally a trapezoidal profile with conformal layers with
the same shape. The drawing in figure [3.13]a shows different locations of the grating which will
be differently or homogeneously coated through the conformal deposition process, depending
on the deposition technique [194, [195]. A schematic 2D of the nanostructured cell for each case
is represented in figure [3.13]b,c,d. The grating profile in figure [3.13b,c has a triangular shape
with width GW, and height GH, after the deposition of all layers over the grating profile, the
whole shape will be separated from each other by the geometrical parameter S, as shown in
figure [3.13]b. The grating profile in figure [3.13]d is with a trapezoidal shape, which has a base
width of BW, and a top width TW, which is fixed at 100 nm for simplicity. The S has the
same definition for the trapezoidal shape in figure [3.13|d. Each grating period P of the three
unit cells includes the grating and all the layers deposited from both sides and the separation
distance S, so P = GW + 2« (t;7o + tpasin + tiasit + tnasin + tazo) + 5. The whole device
final shape in 3D is represented in figure [3.13]e where we highlighted the unit cell in blue. This
design enhances the absorption efficiency of the device by better coupling the incoming light
into the cell through funneling and guiding mechanisms. As a result, the total reflectance of
the cell will be reduced. To show better this guiding effects, we evaluate the electromagnetic
quantities of interest. Figure [3.13}f,g shows the transverse Z component of the electric field
for two cases of interest at A = 630 nm, having two angles of incidence § = 0°, and 6 = 50°.
Actually, when evaluating the radiation at the bottom of the structure, we may see that energy
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Figure 3.13: (a) A schematic diagram shows the different locations that will be filled through the
conformal deposition process. (b), and (¢) A 2D unit cells cross section over the X — Y plane for the
nanostructured cell deposited on a triangular profile non-homogeneously and homogeneously, respec-
tively. (d) A 2D unit cell cross section over the X — Y plane for the nanostructured cell deposited on
a trapezoidal profile. (e) 3D representation of the proposed structure showing the unit cell used in the
numerical calculation. (f) Map of the transverse electric field for normal incidence conditions at A = 630
nm. (g) Map for the electric field distribution for a plane wave inciding at a angle of 50° for A = 630
nm. Reproduced from our article [193] with permission of SPIE.

is trapped within it, increasing the optical power density at the intrinsic layer. Figure 3.13|g
shows the electric field distribution for oblique incidence, # = 50° at A = 630 nm. In this case,
we can check how the wave propagates through the structure for a non-normal incident case,
particularly at the iaSiH layer.

When considering the spectral absorption of the structure, the unit cell will be illuminated
with an irradiance distribution of the solar spectrum given by the spectral irradiance function,
Pamisg(A) [114]. From figure b we can see that the absorption is happening at every
layer of the cell, especially at the front layers where the irradiance is higher. The absorption
enhancement in the iaSiH layer will mainly contribute to the photo-generated current. However,
the parasitic absorption enhancement in other layers will be dissipated as heat, which should
reinforce a self-annealing mechanism of the device leading to a reduction of the SWE defects.

3.2.3 Optimization of the pattern geometry

Until here, we have discussed the potential of using the 1D vertically elongated dielectric
structure to improve the light trapping and SWE defects repair. Now, we will find out the
optimum geometry for each profile through the selection of the geometric parameters and the
material choice. The parameter that should be maximized through the optimization process is
the absorption efficiency in the active layer, that in turn will improve the Jgc. So, simply the
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merit function for the optimization is Jg¢. To ease the first optimization step, we arbitrary fix
the grating height at GH = 600 nm as a starting value which is selected to be large enough to
create a high aspect ratio of the grating. Then the optimization process changes the grating
width (GW) and grating separation, S. We select these two parameters for the optimization
because the grating is placed at the back of the solar cell, and the separation of the elements
of whole structure S (see figure [3.13|a) affects the air gap between these elements.
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Figure 3.14: Jgsc, as a function of GW and S for the nanostructured cell with different grating profile
shapes (a) triangular, (b) trapezoidal and (c) cylindrical. The crossed black lines defines the selected

optimum which lies at the center of the area with the highest Jg¢, highlighted by the dashed ellipses.
Reproduced from our article [I93] with permission of SPIE.
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In figure we have located optimum values of the Jgo for the geometrical parameters
of each profile with two black lines crossed at the center of the area that produces a high Jgc¢,
this area is also highlighted by dashed black ellipses. So, the selected geometry for each profile
are, GW = 100 nm, S = 50 nm for the triangular shape (see figure a), BW = 50 nm,
S = 100 nm for the trapezoidal shape (see figure b), and GW = 75 nm, S = 200 nm for the
cylindrical shape (see figure ,C). At the same time, there are other combinations of S and
GW providing values close to the maximum one, as it has been denoted with the dashed circles
in figure [3.14] Then, it should be possible to choose geometric parameters complying better
with fabrication constraints. This optimization shows that not only an increase in the exposed
surface area is important. Changing the grating geometrical parameters and repetition period
can also maximize the Jgo of the cell by increasing the absorption efficiency at the active
layer. The explanation of this is that the multi-layer structure of the cell supported by the
grating generates, along with the surrounding air, an effective index combining all of them.
By changing the grating width and separation, we change this effective index and hence, the
matching efficiency of the incoming light into the cell. The results for different profile shapes
agree well with that obtained for the nanostructured ARC in the previous example in section
B-14] In the above optimization step, the height, GH, was fixed at 600 nm to optimize other
parameters (GW, and S). Now, the optimization of the height is made by considering the
optimized values of GW and S previously obtained for each profile. It is important to check
this parameter GH, as it will increase the absorption efficiency by increasing the total exposed
area of the active layer to light. To illustrate this fact, we analyze the increase in the exposed
area when having a triangular shape. The iaSH layer will have a new length over each period,
a horizontal length F'L, and vertical length (the two side of the dashed triangular, see figure
a). Then the total length of iaSiH layer will be:

L = FL+2 x VGH? + PW2, (3.4)

where PW = GW +2x (tiqsir + tnasin +tazo), and FL = S+2 X (tpesim +t170), this length
should be compared to P (the length for planar devices with the same unit cell), to obtain the
increasing in the exposed area, which is proportional to Ly,i/P. With a simple calculation using
equation and value of 1500 nm for GH, 100 nm for GW, and 50 nm for S (these values
are the optimized values for the triangular grating, see figure a, and figure a), we can
see that the exposed area increases by more than x4.6. It is clear that, the new length of the
active layer Ly, is longer than the period P due to the elongation in the vertical direction.
The increase in the exposed area for the other two designs can be calculated in the same way,
using the geometrical parameters of the shapes shown in figure [3.15p,c. By approximating the
cylindrical profile as a trapezoidal shape as shown in figure [3:15b, the new length of the iaSiH
layer for the cylindrical and trapezoidal profiles will be:

Ltrap7 cylin = FL+2xGH+ PW, (35)

where PW = GT + 2 % (tiasin + tnasizr + tazo), with GT = 0 for the cylindrical profile. The
exposed area increases by more than x5.28 for the trapezoidal profile, and more than x4.63
for the cylindrical profile.

Increasing the GH parameter without limit produces high aspect-ratio geometries that
may become difficult to fabricate. Therefore, an optimization in terms of GH is required to
be combined with a detailed calculation of the interaction between light and active realizable
structures. Using the previously presented model, we can evaluate numerically the dependence
of Jgc with respect to GH. The results are shown in figure [3.16la where Jg¢ increases rapidly
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Figure 3.15: (a), (b) and (c) Geometrical parameterization to understand how we calculate the increase
in the active area exposed to light when using the nanostructure design. Reproduced from our article
[193] with permission of SPIE.

with GH until reaching a saturation level. This happens because most of the optical power is
absorbed in the top portion of the nanostructure, and by increasing the height of the triangle
there is not a substantial improvement of Jgc when reaching the bottom of the structure.
Actually, the saturation level occurs for values around 1800 nm for all shapes. However, the
improvement in the Jgo when moving from GH=1500 nm to GH =1800 nm is very small, so,
we selected 1500 nm as an optimum value for the height. We choose this height for the grating
because it is easier to be fabricated than 1800 nm height grating. As can be seen in figure
a, the weighted reflection losses R, ), calculated from equation have the same trend
as Jgo in terms of the GH parameter. Implying that, the Jg¢o enhancement mainly comes
from reducing the reflectance losses.
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Figure 3.16: (a) Effect of increasing GH on the Jgc (left scale) and weighted reflectance (weighted
to the solar irradiance function) in the wavelength range A from 300 nm to 800 nm, (right scale) (b)
Angular dependence of the Jgo (the two color lines) for the nanostructured cell for two orthogonal
planes of incidence, parallel and perpendicular to the grating profile. Each line is the average of the
TE and TM sates of polarization. The angular dependence of the Jg¢ for the reference planar cell is
plotted as a black line. Reproduced from our article [I93] with permission of SPIE.
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The nanostructured cell has an enhancement of 51% in absorption compared with the
planar reference cell (the active layer thickness for both the nanostructured and the planar
cell is 150 nm). In figure a, the three grating profiles have a similar dependence on GH,
being the triangular shape with the non-homogeneous side coverage (which commonly resulted
from conformal deposition process, [194], 195]) better than the other two designs. Table
summarizes the Jgo for the flat reference cell and the optimized nanostructured cells using a
naturally polarized light illumination condition (average of the TE and TM results).

Table 3.3: Jg¢ for the planar reference cell and three geometries of the optimized nanostructured cell.
All the values are for the average of the two polarization states TE and TM. The enhancement value
calculated with respect to the planar device

Structure  Jgc [mA/cm?]  Enhancement
planar reference 8.98 -
Triangular 13.53 50.7%
Trapezoidal 12.8 42.5%
Cylindrical 12.3 37%

When dealing with low-cost solar cells, we should also pay attention to the dependence of its
performance with respect to the angle of incidence changes. This is even more important when
no active tracking is deployed. Typically, Jgc decreases strongly when the angle of incidence
is large increases. Besides, for the extruded structure proposed here, the dependence varies
with the polarization state and the orientation of the plane of incidence with respect to the
profile. After considering all these previous conditions and situations, in figure [3.16)b we have
plotted the values of Jg¢ for the case of a nanostructured cell for two possible orientations of
the plane of incidence. In this same plot, we have also included the angle dependence obtained
for a planar reference solar cell [I01]. From these results, besides the wide angle of acceptance,
we can see an increase in the Jg¢ that reaches a maximum value of Jsc = 14.4 mA /cm? and
Jsc = 14.8 mA/cm? for incidence within the Y Z plane, and for the X Z plane of incidence
cases, respectively. These values are higher than those listed in table which is for the
normal incident case. This means that, the high aspect ratio grating trap and guide the light
better for oblique incidence illumination with small angles. These results are the average of
the TE and TM polarizations.

3.2.4 Optimization of the materials

Not only the geometrical design and shape are important parameters to optimize the per-
formance of solar cells, but also an appropriate choice of materials makes possible further
improvements. To show this, we have evaluated the performance of the structure when differ-
ent materials are used for the fabrication of the grating template where the cell structure is
deposited (see figure a). We have seen in figure [3.17)b that, materials with high n value
and low k value performs better in this structure (being n and k the real and imaginary parts
of the index of refraction, respectively). A smaller k is responsible for lower absorption losses
at the scaffolding structure. The performance of the structure using different materials for the
grating profile can be explored by calculating the short-circuit current in terms of the refractive
index of the grating. We used for this calculation the optimized geometrical parameters for the
triangular profile and the optimized grating height (GW= 100 nm, S= 50 nm, and GH=1500
nm). The triangular profile is selected because it gives a better response than the other two.
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First, we consider the dielectric material as lossless, and ignore the imaginary part of the re-
fractive index. This assumption is valid for many dielectric materials such as MgFs, SiOq,
PMMA, SiN,, etc. The results in figure [3.17,a show that a value of ny = 2.2 is a threshold
between high and low enhancements. SiN, is a possible option where its refractive index can
be tuned around this value [199]. As a second step, we select materials with different losses
(Ag, ZnO, SigNy), to compare the performance of the device for each of them. In this step, we
use the complex refractive indices of these selected materials. We calculated the Jgo values
corresponding to the three grating materials in figure [3.17)b. The cell with the grating made
of Ag gives a Jsc = 12.66 mA /cm?, ZnO gives Jsc = 13.3 mA /cm?, and for Si3N4 we obtain
Jsc = 13.64 mA /cm?. These previous results already average the TE and TM polarization.
The obtained values of Jgo can be explained as follow: materials with significant optical losses
(Ag and ZnO) reveals lower Jg¢, while low loss material (SigNy4) provides a higher Jgc.

Using SigNy as the grating material, we observe a broadband absorption improvement in
the cell active layer (see figure c) where the absorption at the iaSiH layer is higher than
that of the reference planar cell at all wavelengths within the range 200-720 nm. Also, as we
mentioned above, the enhancement is not only in the iaSiH active layer but in all layers. We
have also calculated the weighted reflection using equation and weighted absorption using
a similar equation given as:

I @amisg(A)AN)dA
[ @amisg(A)dX

Aup = (3.6)

where A, ) is the spectral absorption and ®anmi.5¢(A) is the solar spectral irradiance. In figure
we show the power budget at each layer for different structures. The nanostructured
cell shows a better absorption in the active layer for all profiles, as shown in figure [3.18a.
The significant absorption enhancement caused in the nanostructured cell is shared by the
ITO, p- and naSiH layers, producing heat by dissipation and recombination as shown in figure
b. This heat will partially mitigate the SWE [101], 200]. The total weighted absorption for
the nanostructured cell is significantly improved compared to the planar reference (see figure
c). This is caused by a decrease in the total reflectance of the device. As we described in
section several strategies are responsible for this enhancement which can be summarized
as follow:

e Increasing the active layer area exposed to light without increasing its thickness, by
elongating the whole cell in the vertical direction.

e Generating funneling and guiding effects by the high aspect ratio grating that couple
better the incoming light into the cell.

e Determining the materials better suited for the grating structure.

We have studied two designs to improve the absorption efficiency of aSiH solar cells, the first
is a nanostructured ARC (see section , and the second is a back grating relief (see section
. If we compare the back grating relief design with the nanostructure ARC, we can see
that, the location of the nanostructure (close to the active layer) is important, which enhances
its ability to redirect the electromagnetic energy to the active layer of the cell. Although the
total absorption of the device is greatly enhanced for both designs, the portion that is routed
to the active layer is better for the back grating relief.
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Figure 3.17: (a) Jsc¢ of the optimized solar cell with gratings of different refractive indices. (b)
Absorption inside the grating for different grating materials, the vertical dotted green line located at
the absorption edge of iaSiH layer. (c) Spectral absorptance in the iasiH layer for the reference planar
cell, and textured cell (TE and TM polarizations). Reproduced from our article [193] with permission
of SPIE.
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Figure 3.18: Weighted absorption and reflection for different grating profiles (triangular, cylindrical,
and trapezoidal), and the planar reference cells. (a) Weighted absorption in the cell active layer. (b)
Weighted parasitic absorption in the buffer layers and contacts. (c) Total weighted absorption and
reflection. Reproduced from our article [I93] with permission of SPIE.

3.2.5 Funneling and guiding effects

Light funneling is one of the light trapping mechanisms which can be applied to solar cells
to improve their performance. Previous contributions show that this mechanism is at wogl%
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in high aspect ratio metallic grooves, or in multi-layer metal-dielectric structures [201] [202].
However, metallic layers combined with dielectric layers that can produce light funneling effects
account for both high reflections from the metal surface and high absorption inside the metal
itself.
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Figure 3.19: The left graph shows a schematic picture of the structure that represents how incoming
light is diverted towards the inner layers. The rest of the plots show the Poynting vector flux for three
wavelengths A = 480,530, and 630 nm, and two orientations of the electric field. Funneling appears

within every plot and guiding in the active layer is stronger at A = 630 nm. Reproduced from our article
[193] with permission of SPIE.

In our case, we could produce a similar effect with high aspect ratio dielectric structures.
Figure [3.19] shows the case of the optimized structure in sections [3.2.3] and [3.2.4] for three
wavelengths and two orthogonal orientations of the electric field. These plots represent the
Poynting vector flux. From these plots, we can check how the incoming flux propagates within
the structure. At some specific wavelengths, light is guided within the active layer (see for
example the case of A = 630 nm in figure [3.19)).

3.3 Improvement of perovskite/c-Si tandem cell using
metasurfaces

Tandem monolithic solar cells that combine a thin-film top cell with a wafer based bottom
device are devices with a potential efficiency larger than 30%. As we discussed in section [3 one
of the promising candidates to this type are perovskite/crystalline Si (c-Si) devices. Here in this
section, we describe a nanophotonic design that improves the performance of a two-terminal
structure of this type (see figure [203]. As a common feature in multi-junction solar cells,
they involve many interfaces for each junction, and the tunnel layer between them. These
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interfaces account for significant reflection and absorption losses. So, an important key in the
design of tandem solar cells is to achieve an efficient absorption in both active layers in their
corresponding bandgap ranges by reducing these losses. This requires an efficient absorption
of shorter wavelengths in the top cell, and an efficient transmission of the longer wavelengths
to the bottom cell.
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Figure 3.20: (a) 2d diagram of the planar monolithic perovskite/c-Si tandem device, 3D (b) and 2D (c)
Diagram of the proposed nanostructured configuration. The proposed structure allows a guiding effect
of photons of long wavelengths (red lines in (b)) towards the silicon layers, while short wavelengths (blue
lines) generate electron-hole pairs in the perovskite layer. The detail of every layer, and the considered
unit cell of our simulations (dashed lines) are also included. (d) Detail of the nanostructure with the
corresponding geometrical parameters.

We start by modeling the planar structure of the monolithic perovskite/c-Si tandem shown
in figure [3.20}a to validate our model. Then, we propose structuring the perovskite cell layers
as a one-dimensional multilayer grating, acting as a metasurface. Figure [3.20[b shows a 3D
schematic of the complete stack of the different layers. This figure only shows those layers
relevant to the optical behavior. One of the possible configurations of tandem Perovskite-c-Si
solar cells is arranged from bottom to top as follow: back contact - ITO - naSiH - iaSiH -
n-type c-Si - iaSiH - paSiH -ITO - ETL - Perovskite (MAPbI3)- HTL - top contact [204].
The pin aSiH layers are necessary to generate a suitable electric field to separate the solar
photo-generated charge carriers in the c-Si active layer. ETL and HTL are the electron and
hole transport layers, respectively. They are required to extract the charge carriers from the
perovskite active layer. The ITO layer on top of the rear contact prevents the diffusion of
the metal atoms in the semiconductor adjacent layer. The ITO layer that intermediates the
two junctions is the tunneling layer that connects both cells electrically, and finally, the top
indium zinc oxide (IZO) layer is the transparent top contact. The thickness of the pin aSiH is
very small [204] and has a negligible optical loss. Moreover, we simulated the complete stack
to check this assumption and we found very small optical losses for the pin aSiH layers. So
hereinafter, we exclude pin aSiH layers from our calculations to simplify the optical model.
Figure [3.20}c,d depict the details of the materials for the considered layers and a scheme of the
perovskite subcell with a description of the different geometrical parameters. We define the
dimensions of the dielectric grating (GW and GH in figure d) instead of the perovskite
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geometry, because they control the dimensions of the whole metasurface, including perovskite.
The layer structure of the modeled device are listed in table from top to bottom. The
hole transport layer is, 2,2’,7,7-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene,
which abbreviated as Spiro-OMeTAD. These values and materials were initially considered
like those of the planar structure in reference [204] to properly validate our model by taking
this planar cell as a reference. The complex refractive indices of the materials were obtained
from [128,[188), 205l 206}, 207, 208, 209, 210, 211]. Perovskite materials have a diffusion length of
the photo-generated carriers that range from 100 nm to 1 pm, [212] 213] [214], so the thickness
of the active layer is limited to a few hundreds of nanometers for efficient electrical carrier
extraction [215]. In a monolithic two terminal tandem device, there is another limitation for

Table 3.4: Materials and layer structure of the metasurface design for the tandem device

Layer Material thicknesses
Antireflection coating MgFs 105 nm
Transparent top contact 120 44 nm
Hole transport layer Spiro-OMeTAD  tygrr; = 10 nm, tgrre = 160 nm)
Top cell active layer perovskite tutLe + GH + tgTLe
Dielectric spacer SigNy GH
Electron transport layer TiO, tere = 30 nm, tgpr; = 10 nm
Tunnel layer ITO 44 nm
Bottom cell active layer c-Si 200 pm
Back contact Ag 300 nm

the perovskite thickness that is related to the value that produces the same current of the c-Si
cell current. This condition is called current matching. In a single junction perovskite solar
cell, the optimum active layer thickness ranges from 300 nm to 500 nm [2I5]. However, the
value that produces current matching in our planar tandem is only 260 nm, as shown in figure
[B.2TJa. The optical absorption in the active layer of each cell, the total absorption in both
active layers, and the total reflection of the whole device are shown in figure [3.2I}b. These
results agree well with those obtained by Grant et al. [204]. From figure 3.21]b, we can see
that the planar tandem device accounts for a significant reflectance in the whole band of both
junctions. Our goal is to reduce these reflection losses and redirect the gained optical energy
to the active layers of both cells.

By introducing the 1D perovskite grating, we try to optimize the tandem solar cell perfor-
mance by:

o Efficiently guiding long-wavelength photons to the silicon layer to increase light absorp-
tion in this subcell.

e Producing strong diffuse scattering at short wavelengths to increase the absorption in the
perovskite.

¢ Tuning the Jg¢ in both cells through the geometrical parameters of the grating to achieve
the best current matching.
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Figure 3.21: (a) Short-circuit current density generated in c¢-Si (black circles) and perovskite (red
triangles) subcells as a function of the thickness of the top active layer (perovskite layer). (b) Spectral
evolution of the absorbance in each subcell of a typical monolithic tandem solar cell composed by a
perovskite (gray area) and a c-Si (blue area) layers. The total reflectance (black dashed line, right axis)
and absorbance (red solid line) of the device are also included.

e Increasing the interface surface between the perovskite and the charge transport mate-
rials (HTL and ETL), to enhance the charge collection of the photogenerated carriers.
Additionally, it reduces the perovskite/transport layers interfacial problems that appear
with large scale planar surfaces [216].

¢ Reducing the reflection and parasitic absorption losses.

3.3.1

The optimization of the proposed device was carried out by changing the geometrical pa-
rameters of the grating while evaluating the short-circuit current in both active layers. As we
change the height and width of the grating (GH and GW in figure d, respectively), the
thickness of the perovskite layer was also varied because it is the sum of GW | tgrre and tgTLe
(tperovskite = GW +turre+ teTr2). The period of the unit cell (dashed line in figure a,b,c)
was arbitrarily fixed to 1um. So, if the grating width increases, the width of the perovskite
slab (see the red slabs in figure [3.20/d) decreases (GW + perovskite slab width = 1 pm).

Optimization of the meatsurface
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Figure 3.22: Simulated values of the short-circuit current density (Js¢) in: (a) the perovskite and, (b)
the ¢-Si subcells as a function of the geometrical parameters (GW and GH) of the proposed grating.
(c) Difference of the generated currents in each subcell as a function of the geometrical parameters of
the grating. The values producing the perfect current matching (null difference) are located between
the two black dotted curves.

The optimization of the proposed metasurface improves the optical performance of both
cells of the tandem device through scattering and guiding effects enabled by the metasurface.
However, as in the planar device (see figure a), maximizing the Jg¢ in one subcell reduces
the current of the other cell (see figure a,b). Although the same behavior is maintained
when using the metasurface design, differently from the planar device, the optimum geometries
of the device layers are not unique. Several combinations of the grating parameters produce
a matching current between both subcells. These combinations involve a range of 150 nm to
around 400 nm for the GW parameter, which corresponds to an interval of 50 nm to 400 nm
for GH. The pale turquoise region in figure 3.22] (located between the two black dotted curves)
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matches the current in both cells. Although there is a collection of GW- GH pairs producing
current matching, we select one of them, which gives the maximum current value as (Jgo =
18.8 mA/cm?) at GW = 300 nm, and GH = 225 nm. This is a 16% improvement compared
with the planar cell a [204], where the enhancement factor (EF) in % defined as:

_ Jsc(proposed) — Jsc(planar )

EF
Jsc(planar)

x 100%. (3.7)

a width of more than 50 nm in terms of the grating width for all heights, which means bet-
ter fabrication tolerance. In the planar device, the thicknesses and materials choice for all
perovskite cell layers is limited by the optical and current matching conditions between the
two junctions. We will show later that the metasurface design doesn’t only offers an optical
enhancement, but also adds a new degree of freedom to choose materials and fabrication pro-
cesses. Increasing GH during the optimization means an increase in the perovskite thickness.
The optimized GH value involves 12% increment in perovskite thickness in the metasurface
device compared with the optimized thickness of the planar device. We may think that the
achieved enhancement when using the metasurface is due to this increment in the amount of
perovskite. To check that we calculate Jg¢ for the planar device when the thickness of the per-
ovskite increases by 12%, the calculation gives a Jgc = 16.7 mA /cm?. This value is still lower
than that of the optimized metasurface value. So, the increment of the perovskite thickness in
the metasurface design is not the main reason for the obtained enhancement. Consequently,
there must be other physical effects producing the obtained improvement, which we will inves-
tigate in the next section. Furthermore, increasing the thickness of perovskite in the planar
device is not realistic, because it compromises the current matching with the c-Si subcell(see

figure a).

3.3.2 Results and Discussion

To figure out the physical mechanisms involved in the structure, figure depicts the
z-component of the electric and magnetic fields inside the planar (figure a,c,e,g) and the
proposed structured solar cell (figure b,d,f,h) at A = 680 nm, and 860 nm, for two angles
of incidence: 0° and 50° using a TE (transverse electric) polarized plane wave. This selec-
tion is made to explore the ability of the proposed design to scatter and confine light in the
perovskites at short wavelengths (A € [300,800] nm), and guide the light towards the c-Si at
long wavelengths (A € [800,1200] nm). The angle of incidence varies to evaluate the angle of
acceptance of the device. Similar maps for both planar and nanostructured device using the
TM (transverse Magnetic) incident plane wave are presented in figure i,k,m,o and j,l,n,p
respectively. The orientation of the incident electric field for TE polarization, or the magnetic
field for TM polarization, is always parallel to the grating (along the z direction).

The short wavelength, A = 610 nm, is within the absorption band of the perovskite, and
A = 860 nm is within the absorption band of the c-Si cell. The maps in figure [3.23]a,c,i,k show
the propagation through the structure of an uniform distribution, due to absorptions into each
one of the layers. In the nanostructured cell (figure b,d,j,l) a remarkably different field
distribution appears (note that the color scale is the same in both planar and nanostructured
graphs): the electric field is locally enhanced within the perovskite volume, increasing the
absorption rate. This spatial field profile is produced by the scattering effects of the nanos-
tructured geometry of the metasurface. On the other hand, 860 nm is a wavelength in the c-Si
absorption range. In this case, a diffraction effect, due to the grating metasurface, occurs in
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Figure 3.23:  Z-component of the electric field for TE polarization at A = 680 nm: considering a
planar device (a) under normal incidence, and (¢) with 50° angle of incidence, and for the proposed
nanostructured design, (b) under normal incidence, and (d) with 50° angle of incidence. Z-component
of the electric field in for TE polarization at A = 860 nm: considering a planar device (e) under normal
incidence, and (g) with 50° angle of incidence, and for the proposed nanostructured design, (f) under
normal incidence, and (h) with 50° angle of incidence. Z-component of the magnetic field for TM
polarization at A\ = 680 nm: considering a planar device (i) under normal incidence, and (k) with 50°
angle of incidence, and for the proposed nanostructured design, (j) under normal incidence, and (1)
with 50° angle of incidence. Z-component of the magnetic field for TM polarization at A = 860 nm:
considering a planar device (m) under normal incidence, and (o) with 50° angle of incidence, and for
the proposed nanostructured design, (n) under normal incidence, and (p) with 50° angle of incidence.

the c-Si subcell (figure f,hyn,p), showing an efficient guiding of light inside it with respect
to the planar one (figure |3.23e,g,m,o0).

Figure a shows the simulated total effective absorption for TE polarization (adding the
c-Si and perovskite contributions) and the results for TM appear in figure b. A significant
enhancement in both subcells is observed.The increment in the c¢-Si band (800-1000 nm, region
IIT in figure a,b) was due to the increment of light reaching this layer as a result of the
guiding ability of the new top subcell, as figure [3.23}f,h,n,p revealed. At shorter wavelengths,
in the perovskite absorption band, (region II in ﬁgura,b), the spatial concentration of
light inside the grating (Figure b,d,j,l) allowed a higher absorption, which is proportional
to the square of the electric field (see equation ) At even shorter wavelengths (region I in
figure a,b) the increment in absorption is a consequence of the decrease in reflectance due
to the proposed structure. An efficient and realistic design of a solar cell should maintain this
enhancement for a given range in the angle of incidence, according to the angular location of
the Sun. Figure [3.24]c shows the angular dependence of Jg¢ in the active regions for both the
planar and the nanostructured geometries. The geometrical parameters of the nanostructure
were the previous optimum ones (GH = 225 nm, GW = 300 nm, producing Jsc = 18.8
mA /cm2 at normal incidence). As can be seen in figure 3.24c, the enhancement in absorption
led to higher values of the photocurrent at every incidence angle compared with the planar
reference. The nanostructured configuration losses the perfect current matching condition after
20°, as they were optimized in 1D with oscillating incident fields always parallel to the grating,
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Figure 3.24: Comparison of the spectral absorbance in each subcell of a typical monolithic tandem solar
cell with a planar perovskite (gray area) and c-Si (blue area) layers and that of the proposed optimum
structure with a nanostructured perovskite (black solid line) and c-Si (red dashed line) layers along the
solar spectrum. TE polarization is considered. Vertical dashed lines delimit three interesting spectral
regions (see explanation in the text). (a) is for TE, and (b) is for TM. (¢) Short-circuit current density
generated in each subcell of a planar device (c-Si subcell, solid black line; perovskite subcell, dashed red
line) and the proposed device (c-Si subcell, dotted blue line; perovskite subcell, dash-dotted pink line)
as a function of incidence angle of the incoming light.

and thus were sensitive to polarization. Despite that fact, an average increment of 15% in the
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short circuit current with respect to the planar cell was achieved up to 70°. A deeper study of
the involved materials in the metasurface will be analyzed in the next sections.

3.3.3 Design of a textured back surface

Textured surfaces were used in many previous reports [217, 218] to achieve an additional
enhancement of the optical absorption in the active layer by increasing the length of the optical
path of the photons propagating within the device. So far, we have established the effect of
the nanostructured perovskite layer in the tandem solar cell. The next step of our analysis is
to check the compatibility of these textured back contacts with the nanostructured top cell,
and especially to see if their geometrical misalignment is a drawback for the observed effect.
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Figure 3.25: Short-circuit current density generated in the c-Si subcell of the proposed device considering
a textured back contact with a triangular (black squares) or a sawtooth (red circles) profile, as a function
of the height of the profile (the height of the groove etched in the silicon to form the texture surface).
Schemes of the device with the considered profiles for the back contact are included in (b) and (c),
respectively.

Back-textures of the bottom junction led to further improvement in the Jgo , by increasing
the light diffusion into the c-Si layer. In our proposal, the top cell fabrication involves a spin
coating process, and the metasurface assumes a planar top surface of the bottom junction.
For these reasons, we focused on analyzing the influence of texturing the back contact of the
bottom cell on its performance. In particular, we explored two typical profiles for the Ag
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back contact: a triangular and a sawtooth grooves etched in the c-Si layer, where the Ag
contact deposited on this texture profile (figure b,c respectively). The analysis is based
on maximizing the value of Jg¢ at the c-Si subcell using these textured contacts, varying the
height of the profile (see the inset in figure b) as the optimization parameter. The results
of this analysis are shown in figure [3:25la. These textured profiles provided an enhancement
of the short-circuit current density only in the c-Si subcell, disturbing the current matching
condition. For this reason, the geometrical parameters of the metasurface must change again
to recover this condition. This confirms the ability of the proposed metasurface to optimize
the solar cell performance by tuning its geometry. After the back texture optimization process,
we obtain a matching current of 19.35 mA /em? (GW = 300 nm and GH = 220 nm) for the
triangular case, and 19.55 mA /cm? (GW = 300 nm and GH = 230 nm) for the sawtooth case.
As it can be seen, the sawtooth profile involves an increment in Jgc of 20.5% respect to the
planar one (the enhancement factor of the triangular one is 19.3%).

Another detail to take into account is the vertical alignment between the textured contact
and the proposed metasurface. We have also studied the geometrical misalignment between the
back-contact profile and the metasurface. We did this by fixing the nanostructured perovskite
design position in the unit cell as in figure [3.25]b,c, and shift the position of the back texture
gradually every 25 nm, and calculate the Jgc value. This study reveals that, there is not a
significant difference (the greatest Jg¢ difference being 0.2 mA /cm2) when both nanostructures
are completely misaligned. Therefore, the alignment of both structures is uncorrelated. This
reinforces the idea that this back-contact texturing only provides a better diffuse reflection and
light redirection towards the c¢-Si active layer, without any remarkable influence on the top
subcell.

Figure [3.26la shows the reflectance of the device for all configurations: planar reference,
nanostructured, and nanostructured with textured back contacts (triangular and sawtooth).
In the efficient absorption range of the device (from 400 nm to 1100 nm as seen in figures
and , the nanostructured configuration offered a remarkable reduction of the reflectance,
especially between 600 and 1000 nm. Additionally, the texturization of the back contact reduces
the reflectance even more. Particularly, the sawtooth profile produced negligible values of the
reflectance between 440 nm and 570 nm, while in the rest of the range, triangular and sawtooth
offered similar values. Besides this, the response of the device under oblique incidence improved
when the back contact was textured. Figure b depicts the EF (see equation of Js¢
for each one of our proposals with respect to the planar one as a function of the incident angle.
From a general point of view, a remarkable enhancement (over 13%) was obtained for all the
angles with our proposals.

The triangular profile shows a higher enhancement for a wider angular range, but the
sawtooth profile provides the best solution for the usual operation of a solar cell, with values
of EF over 20%. In figure we show the detailed absorbance of every configuration. We
calculate the device currents, i. e., the effective photocurrent generated in both active layers
(perovskite and c-Si). The absorption in the rest of the layers is considered as current losses,
by integrating the photon flux of the incident light in a wavelength range from 300 to 1200
nm, considering an AM1.5g (1000 W/m) spectrum [219]. We use this definition because the
optical losses are evaluated in terms of current losses [204] 220}, 2211, 222]. We used the following
equation to calculate these current losses [204]:

Jeo = / L (RO + Armn (M) + A () + Arcos() + AagN) A sg(VdY,  (38)
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Figure 3.26: (a) Total reflectance of the device, within the solar spectrum, for four different configu-
rations: planar (gray area), nanostructured (blue area), nanostructured with a textured back contact
with a triangular (black solid line) or a sawtooth (red dashed line) profile. (b) Enhancement factor of
the three proposed configurations (nanostructured, black solid cir-
cles; nanostructured + triangular back contact, red empty triangles; nanostructured 4+ sawtooth back
contact, blue stars) with respect to the typical planar one as a function of the angle of incidence. (c)
Comparison of the effective current produced from the active layers (c-Si, blue; perovskite, red) and the

the short-circuit current density of

Triangular Saw tooth

total losses expressed as current losses (green).

where ®ani1.5¢(A) is the solar spectral irradiance [I14], ¢ is the electron charge, ¢ is the speed
of light in vacuum, and h is the Planck’s constant. Finally, figure [3.26lc plots short circuit
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Figure 3.27: Comparison of the spectral absorbance in each subcell of a monolithic tandem solar cell
considering the proposed nanostructured perovskite region and three different back-contact configura-
tions: a planar one (filled areas), a triangular profile (dashed lines) and a sawtooth one (solid lines).
Both linear polarizations, TE (a) and TM (b), are considered.

current Jgo due to absorption in both active layers (perovskite and c-Si), and the current
losses due to the absorption in other layers, and reflection. As we can see, the inclusion of
the nanostructure improves not only the perovskite subcell current generation, but also the
¢-Si one with respect to the planar one, at the same time, the parasitic losses decreases, which
translates to a decrease in the current losses. The optical responses for all the devices are
presented in figure For both TE (figurd3.27}a) and TM (figurd3.27]b) polarizations, the
nanostructured devices with texture surfaces provide a broadband absorption enhancement,
compared with the planar device. This enhancement is due to the reduction in the device
reflection (see figure [3.26la), which is mainly produced by two mechanisms. The first one
is the strong light confinement in the perovskite volume (see figure . For instance, the
metasurface produces 62% lower parasitic losses in the HTL with respect to the planar cell.
The second one is the reduction of the total reflectivity (as seen in figure a), that decreases
48% with respect to the planar cell for the nanostructured proposal, reaching down to 66%
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when texturing the back contact as well. Also here, the sawtooth profile is better than the
triangular one.

3.3.4 Materials selection for the metasurface

The metasurface applied to the perovskite/c-Si tandem cell in the previous example is
optimized by changing its geometrical parameters. The multi-layer grating structure forming
the metasurface consists of three layers: HTL, the dielectric spacer (DS), and ETL. Several
materials could be used to fabricate each layer based on the variety of available transport layer
materials applied to perovskite solar cells [223], 224], and the variety of dielectric transparent
layers applied to the spacer layer. Here in this subsection, we determine the set of materials
(by varying the refractive index of these layers) and thicknesses that could achieve the best
performance when applied to each layer in the metasurface individually. This optimization
process allows more fabrication flexibility in the material’s selection and thicknesses, and give
a minimum loss equal or better than the one obtained from the geometrical optimization. In
general, the losses of the device using the metasurface are lower than the losses of the planar
device for any material and any thickness.

The starting point considers the following materials of the nanostructure: Spiro-OMeTAD
for HTL, TiO2 for the ETL, and silicon nitride (Si3N4) for the dielectric layer. To explore the
best ranges in thicknesses and materials for each one of the layers forming the nanostructure,
in which the perovskite is inserted, we calculate the optical absorption at the active layer, and
the parasitic absorption, that is considered as current losses. Thus, the methodology is based
on looking for the minima of the optical absorption in the HTL, ETL, and DS layers, as they
are not producing effective currents, and the minimum reflection of the whole structure. All
of these losses (parasitic absorption, and reflection) are collected in one parameter, which is
the current losses given by equation . This parameter will be our merit function for the
optimization. In this way, we hold a GW value, like the optimized one in figure [3.20|c,d, and
seek for the value of GH and the thicknesses and refractive indices of the ETL, HTL, and
DS to achieve our goal. We should remark that the process is done considering each layer
independently, due to computational restrictions to perform multidimensional calculations for
this large volume model. Additionally, we also compute the short-circuit current density (Js¢)
in both active layers to measure the device performance, as well as to preserve the current
matching between the subcells.

It is worth noting that our sweeping method of the refractive index firstly assumes the ideal
case of a lossless material. Once it provides a value of n providing reduced losses, we choose the
realistic material closest to this value and consider its actual complex refractive index. This
means that the final absorption and reflection simulations have been done with realistic and
complex values of the refractive indices.

3.3.5 Optimized selection of materials

Our study implies that both the thickness of each element in our nanostructure (see figure
c,d) and their materials can vary. This may open new possibilities for the perovskite solar
cell manufacturers about the material and size restrictions in the fabrication process [204]. In
this section, we present a survey on the possible HTL, ETL, and DS materials, as well as their
thicknesses, to reduce the optical losses in the solar cell [225].

e Hole Transport Layer analysis
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Figure a shows the results of the simulated total current losses (i. e., the sum of the
losses due to reflection and parasitic absorption in the non-active layers) as a function of
both the thickness tyrre and refractive index of the HTL nanostructured layer, while the rest
of the parameters are fixed to the values of the optimized nanostructured geometry above.
We exclude the back texture from this optimization as it has no impact on the metasurface
functionality. As can be seen, the calculated losses have values within an interval from 6.8 to
9.2 mA /em?. By comparing these values with the total losses of the planar case, which are 13.5
mA /em?, an evident reduction of the losses using the nanostructure appears, achieving almost
50% reduction in the best case. At this point, we want to highlight that there is a wide region
(blue area with a dashed line limit) in which the losses are under 7.2 mA /cm?. This region
comprises a refractive index from 1 to 2.3, and a height of the HTL layer from 100 nm to 300
nm. The first result allows the use of several materials to play the role of hole transport, such
as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (refractive index of
around n = 1.46 at A= 600 nm, where the perovskite absorbs), or the Spiro-OMeTAD (around
n = 1.6 at A= 600 nm). The second result allows a wide tolerance for the thickness. This
tolerance widens the possibilities for the manufacturers to obtain good results regardless of
the accuracy in the layer growth. There is a region of high losses (upper left red area), which
comprises the refractive index interval from 2.5 to 3, and thicknesses values under 50 nm.
Currently, there are no HTL materials in this interval of indices. But even at these values, the
produced optical losses would be still 32% lower than the ones of the planar cell. According to
a recent review, most of the HTL materials incorporated in high efficiency perovskite cells have
low refractive indices, under 2, in the VIS region [223]. This means that the vast majority of
materials can offer losses lower than 8 mA/ cm? in our design. As an example, we show on the
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Figure 3.28: HTL analysis. (a) Current loss map depending on the refractive index of the HTL material

used, and the thickness of the HTL layer. (b,c) Absorbance of every layer and total reflectance for the
selected case (* in a) under (b) TE, and (¢) TM illumination

right side of figure b,c) the spectral response of the structure considering Spiro-OMeTAD
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(S-O, n = 1.6) as HTL, with a 190 nm height (the point marked with a star in figure a).
Both the absorbance of each layer and the total reflectance (dashed line) are shown for an
incident TE (figure [3.28b) or a TM (figure c¢) polarizations. This simulation considers
the real complex refractive index of the materials in the analyzed spectral range. The most
remarkable result is related to the reflectance (see figure b,c), which undergoes a noticeable
reduction in the whole spectral range and presents a wide band with a value close to zero. We
want to remark that this HTL height selection affects the current matching condition, which
could be retrieved by tuning the GW value without any remarkable change in the total losses.
The matched Jgc for this case is 18.85 mA /cm?.

e Electron Transport Layer analysis

Following the same strategy as above, figure[3.29 shows the simulated results for the electron
transport layer (ETL) analysis. As before, figure a shows a 2D map of the total losses
as a function of both the thickness tgrro and the refractive index of this layer. The rest of
the parameters remain as the starting point. In this case, the variation of current losses is
significantly lower, ranging from 7.4 to 8.2 mA/cm?. The region with the minimum loss (top
blue area) comprises values of the refractive index from 1.2 to 2.1, and thicknesses from 160 to
300 nm. This range allows the selection of different materials to play the role of ETL, such as
SnOy (around 1.85) or ZnO (around 1.6). This low-losses region applies to the majority of the
ETL current materials, like those appearing in a recent review [224]. Although TiOy (n ~ 2.38
at A 600 nm) is not inside this region, low losses interval (around 7.6 mA/cm?) is available for
this refractive index between 25 and 50 nm in height. As an example, we show in figure[3:29b,c
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Figure 3.29: ETL analysis. (a) Current loss map depending of the refractive index of the ETL material
and the thickness of the layer. (b,c) Absorbance of every layer and total reflectance for the selected case
(* in a) under TE (b) and TM (c) illumination.
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the spectral response of the device considering ZnO playing the role of ETL, with a height of
190 nm (star in figure ). The complex refractive indices are considered, including the
one of ZnO [226]. Both the reflection and parasitic absorption are reduced compared to those
of the planar device. Actually, the matched Jgc for this response is 18.9 mA /cm?, larger than
the 16.2 mA /ecm? of the planar case. A GW equal to 390 nm is required to achieve the current
matching.

e Dielectric Spacer Layer analysis

The third part of the nanostructure that we study is the dielectric spacer (DS). The thick-
ness of the DS is the GH in figure[3.:20] As before, the 2D map of its current losses as a function
of its refractive index and GH is depicted in figure [3:30la. In this case, the minimum-losses
region corresponds to refractive indices from 1 to 2.1, and GH values from 150 nm to 300 nm,
with minimum losses current of 7.4 mA/cm?. This refractive index range allows the use of
several dielectric materials to play this role: MgFy ( n ~1.37 at A =600 nm), SiO2 ( n ~1.45
at A =600 nm), PMMA ( n ~1.6 at A =600 nm), SiN,, (can be tuned around 1.8 at A =600 nm
using the x percent of nitride in the thin-film ), or SisNy ( n ~2 at A\ =600 nm). The current
losses variation into this range is noticeable, because it could reach 7.9 mA /cm? for some cases.
In this sense, MgFy could be the best selection, as it lies in the middle of the low-loss zone and
within a wide range of GH values, from 125 to 300 nm. Considering the selection of MgFa
as a dielectric spacer, with an optimized geometry of GH = 240 nm, and GW = 330 nm, the
absorbance and reflectance results are shown on the right side of figure [3.30] for both incident
polarizations: TE (figure[3.30b) and TM (figure ¢). This case provides a matched Jg¢ of
19 mA /em?, which is 17.2%better than the planar case (16.2 mA /cm?).
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Figure 3.30: Spacer analysis. (a) Current loss map depending of the refractive index of the spacer
material and the thickness of the layer. (b,c) Absorbance of every layer and total reflectance for the
selected case (* in a) under TE (b) and TM (c) illumination.
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As it can be observed, there is a similar behavior in all the maps (see figures a, a,
and a) : minimum losses tend to appear at low refractive indices and high thicknesses. The
low effective index of the metasurface should have a better optical matching with surrounding
layers. We also guess that high thicknesses imply both the increase of the perovskite volume
and a better optical guiding effect through the grating, reducing reflections [203]. Figure m

© T mesi

(a)

35 —mPero
30
25
20
15 -
1
o |

&S & &

«Q& «Q «é «Q&

Weighted active absorption %

(=]

(%)

A

3 X Q K \¢ ~ o <
s « N < ¢ ¢ f—ﬁé' eQ"’&
10 -
mTCO
8 - B HTL (b)
WETL
WAg

H

Weighted parasitic absorption %
N (]

Ui

X 4 N S
O P AP

i

Figure 3.31: Power distribution for (a) the absorption at active layers, (b) the absorption in non-active
layers (losses), and (c) power losses due to the reflectance of the structure.

[ [ N
o w o

Weighted Reflection %

w

74



3.3. Improvement of perovskite/c-Si tandem cell using metasurfaces

shows the absorption weighted to the incident solar flux, and reflections in the layers of the
planar reference and the nanostructured cases that we selected above. As before, the HTL,
ETL and DS cases refer to the above selected HTL (figure [3.28b,c), ETL (figure [3.29]b,c)
and DS (figure b,c) cases. In particular, figure a shows the weighted absorption in
both the ¢-Si and the perovskite volumes. TE and TM polarizations are considered. While
the reference case is completely polarization insensitive, the addition of the nanostructure
produces certain polarization sensitivity, as expected. This means that TE/TM polarization
cannot guarantee a perfect current matching in the nanostructured case if used to illuminate
the device individually. However, a non-polarized case, as expected for solar illumination,
resembles the current matching condition. Figure [3.3I)b shows the weighted absorption losses
at each non-active layer for the same considered cases, while figure [3.3Tc shows the losses due
to the device reflectance. Figure [3.31]c shows a reduction of the total reflectance of the device
from 25% to less than 20% for all nanostructured cases, being the lowest reflection losses for
the optimized spacer layer case as 16%, which is a 36% reduction of the weighted reflection of
the nanostructured device compared to the planar device. In the planar device, the HTL layer
accounts for high absorption losses, which decreases by more than 50% when the HTL layer
is nanostructured. The rest of the layers, TCO, Ag, and ETL have low losses. For example,
TCO has around 4% of absorption losses with a little increase for the nanostructured cases.
The back contact has about 1% with a little increase for the nanostructured cases. Finally,
the ETL layer has negligible absorption losses except when TiOq is replaced by ZnO, which
accounts for 0.5% absorption losses. Although the selected ETL material (ZnO) accounts for
higher absorption losses with the ETL layer itself compared with TiOg, The device with ZnO
has a lower total reflectance, and better performance in terms of the Jg¢o value.
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Optical sensors based on surface plasmons

The capability of photonic nanostructures to efficiently control light propagation and inten-
sity at the nanoscale is widely employed in various optical devices. They can be configured as
perfect absorbers [106, [227], broadband scatterers [228|, [229], optical filters [230] 231}, 232], etc.
Optical sensors incorporating nanostructures provide devices with improved performance for
various applications. As an example, they’re applied to quantitative chemical analysis [233],
and refractometers for gases, bio-samples, and chemical materials [234 235] 236].

In chapter[I} and[2] we introduce the Kretschmann configuration method, and the governing
equations and . We simulate the Kretschmann design and compare the simulated
results with the analytical ones at the end of chapter [2] in section Kretschmann’s design
can be used to measure the variations of the index of refraction of various materials [237].
The basic setup of this configuration consists of a transparent prism coated with a metal layer,
which will be in contact with the analyte under analysis (see figure . The key parameters to
optimize the performance of this set-up are: the metal layer (or layers) thickness and material
type, the index of refraction of the prim, and also, the operating wavelength.

A Kretschmann configuration based sensor can achieve maximum theoretical sensitivity of
600 deg/RIU using a low index prism (n = 1.32) and an angle of incidence of ~ 81° [237]. The
requirement of a low refractive index material for the prism is limited by material availability.
A few polymers, such as Cytop ™ (ncytop = 1.34) [238], exceptionally reach low values of the
index of refraction. Magnesium fluoride, MgFs (nygr, = 1.37), is another alternative with a
slightly higher refractive index, but it has an advantage as a commercially available material,
transparent in the VIS and NIR spectrum (A € [300,2000] nm). Besides, MgF2 can be spin
coated to produce flat interfaces when coating nanostructured reliefs [239]. Furthermore, both
a large angle of incidence and a low index material, needed for an optimum Kretschmann
design, reduce the device’s dynamic detection range [237]. Intensive research was conducted
over the last decade to overcome these limits. Different designs of SPR sensors based on spectral
interrogation, and more sophisticated geometries were reported [240] 241, [242] 243, 244].

The general performance parameters of an SPR sensor are: sensitivity, Figure of Merit
(FOM), resolution, linearity, dynamic range, and reproducibility [77]. However, their impor-
tance depends on the application. For example, the sensitivity and FOM are more important
than the dynamic range if the sensor is applied to check small changes in the index of refraction,
for example, to sense gas contamination in a closed chamber. Sensitivity is the shift of a mea-
surable parameter of the device (a reflectance, transmission, absorption dip or peak, intensity,
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4. OPTICAL SENSORS BASED ON SURFACE PLASMONS

temperature change, etc.) with respect to a controlled variable (angle incidence, wavelength,
power, etc.) due to a change in the sensed property (refractive index, color, etc.) [77].

In spectral and angular interrogations, the FOM combines the sensitivity and the spectral
line-shape characteristics in a single parameter, that compares different sensors technologies.
The resolution determines the quality of the measurement, when the device is used to detect
the minimum change of the sensed property. Linearity means a constant value of sensitivity
through the entire dynamic range of the sensor. Although high linearity responses have been
reported [241], [245] 246], most plasmonic sensors have not perfect linear response [241]. The
dynamic range is the maximum change of the sensed property that can be detected with the
sensor. In refractometric sensors, recent contributions show devices with wide dynamic range
up to 0.5 RIU [240, 241, 242], 243| 244], and devices with a tunable dynamic range [247]. In
summary, to design an efficient sensor, we need to maximize the sensitivity, FOM, resolution,
linearity, and dynamic range, with reliability and reproducibility of the proposed geometry.
However, if the sensor has a specific application, for example, monitoring water quality, the
wide dynamic range is not as important as sensitivity and FOM. So, for some cases, we will
be interested in maximizing a specific characteristic of the sensor rather than others.

The performance of a spectrally-interrogated plasmonic sensor relies on the precise mea-
surement of the spectral location of the minimum (or maximum) of its response. So, a narrow
spectral response improves the accuracy of the sensor. Fano resonances can be generated when
a narrow SPR resonance mode, coherently interferes with a continuous or broad spectral re-
sponse, like a diffraction order [248]. However, this superposition often generates asymmetric
spectral line-shapes that can contain both minimum and maximum peaks around a single res-
onance. Also, these duplicated peaks are typically narrower than those obtained for symmetric
profiles. These spectral features strongly depend on the characteristics of the coherent super-
position responsible for a Fano resonance. Therefore, the generation of Fano resonances can
improve the performance of nanophotonic structures [249, 250, 251, [252], 253] and plasmonic
sensors [254], 255, 256, 257, 258, 259, 260, 261].

Some other SPR sensor designs maximize the electromagnetic energy at the metal/dielectric
interface (where SPs are generated)[262]. For example, it is possible to include a subwavelength
metallic grating to scatter radiation towards the region of interest, using a normal incidence
illumination conditions. The scattering efficiency of this structure improves the resolution and
detection range of the device. The performance of the device is high for low n, but decays
as n increases. So, improving the scattering efficiency of the structure, enhances the sensor
performance parameters. Wide band high scattering responses can be achieved through a high
contrast in the index of refraction around the scattering object [263].

The organization of this chapter is made as follows. Sections and present our results
in the analysis of SPR sensors that use metallic gratings to excite the SPRs. Section (4.1
shows the basics of the analysis of a simple structure made of a metallic subwavelength grating
that scatters radiation towards a metallic/dielectric interface where the SPRs take place. This
mechanism, along with a funneling effect caused by a multilayered structure of metallic gratings,
is exploited in section to improve the performance and analyze the differences between
resonances caused by selective transmission and SPR. After this analysis with metallic gratings,
we move to dielectric gratings with a nanoprism profile. This geometry has been also proved
as an advisable solution for solar cells (see section . In this chapter we focus on its use to
excite SPRs for sensing. First, in section we analyze the funneling mechanism caused by
this geometry and how this helps to improve the parameters of sensors based on SPRs. Then,
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sections [£.4] and consider how the analysis of the electromagnetic behavior of the sensor
requires the description of the hybrid interactions between SPR, low-order grating modes, and
funneling and guiding mechanisms. In this sense, section [4.4] fully exploits these interactions,
modeling the hybrid resonances and taking advantage of them to push the performance of the
proposed sensors. The chapter finishes with a section (section devoted to the explanation
of the sensor response as a Fano resonance between the grating behavior and the SPRs.

4.1 Basic metallic gratings

The improvement of optical sensors can be achieved through two different approaches:
firstly, by increasing the performance of the existing technologies and sensing schemes; and
secondly, by proposing novel designs with better performance, and different sensing mechanisms
that can ease the operation and the integration of the system in different environments. In
this section, we proposed a device that can be considered as an efficient alternative to the
conventional Kretschmann configuration in figure a [262]. The device is capable to operate
under normal incidence conditions allowing its integration with the illumination system. For
example, the device can be attached to the end of an optical fiber, setting a collimation optics
that is finished by the proposed sensor arrangement fabricated on a glass substrate. The main
components in the Kretschmann based sensing system are the goniometer, spectrometer, and
the sensing device, which involves mechanical moving parts. Using normal incidence conditions
to illuminate the device, we only need a spectrometer to operate the device.

4.1.1 Geometry and materials of the sensor

The proposed geometry of the sensor is an extruded profile with a 2D cross section that
is presented in figure [4.1b. It consists (from top to bottom in figure [4.1}b) of a dielectric
transparent flat substrate, a nanostructure organized as an array of nano-slits printed on a thin
metal film, and a dielectric stand-off layer that is terminated by a very thin metal/dielectric
double layer. The analyte, or medium under test, is in contact with this last double layer
where the SPR propagates and interacts with the media under test. The thin dielectric film is
inserted between the last metal layer and the analyte to prevent the interaction between them
and to serve as a protecting layer for the metal. To evaluate of the interaction mechanisms
involved in this proposal, we have arbitrarily selected some feasible parameters and materials
for the design in figure [41]b.

The material arrangement is deposited on a flat glass substrate made of SiOy (optical
constants from [I86]). The first metal nanostructure slits are made of Au (with complex
refractive index data obtained from [128]) having a thickness GH, width GW, and arranged
with a spatial period P. The role of the nanostructure is to generate a scattering pattern that
illuminates a second metal-dielectric interface. After this nanostructure, a dielectric buffer,
or stand-off layer, made of MgFy (refractive index was taken from [I85]) is deposited with a
thickness, tpr,. MgF2 can be spin coated [239] 264] and the resulting surface is planarized for
further deposition.

After this stand-off layer, a second metal layer, M2, is made of Ag (with complex refractive
index data obtained from [12§]), in the form of a thin-film having a thickness of ¢/ is deposited.
Finally, an MgF9 dielectric film, with a thickness of 10 nm serves as a protecting layer for the Ag
thin-film. The analyte is in contact with this last metal/dielectric double layer. For simplicity,
we considered a water based solution as the analyte medium. Therefore, we have four material
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Figure 4.1: (a) Classic Kretschmann configuration with a glass prims coated with a Au thin-film in
contact with the analyte. The SPR is generated at the metal/analyte interface. (b) 2D cross section
of the unit cell of an array of long-wire slot antennas (nanoslits) that diffract light towards the thin
metal/analyte interface where the SPR can be generated. The system is deposited on a glass substrate
as a nanostructure metal layer with a geometrical parameters of GH, GW and P, a dielectric buffer
layer, BL, and a final second metallic layer, M2. The SPR happens at the M2 /analyte interface.

choices (for the two metals, the dielectric buffer layer, and the dielectric substrate), three
thicknesses (GH, tpr, and tyr2), and two more geometrical parameters that define the nanoslit
array (GW and P).

4.1.2 Parameterization and optimization

A plasmonic sensor using the Kretschmann configuration must satisfy equation . In
the proposed design, light scatters at the metallic nanostructure and generates a wide range
of directions for the propagating vector. This phenomenon can be seen as subwavelength
diffraction. The scattered radiation propagates through the dielectric buffer layer toward the
second flat metal thin-film. Then, an SPR is generated at the metal/analyte interface when
light fulfills the grating coupling matching condition equation .

The sensitivity of a plasmonic sensor, Sg, is linked to the shift of the minimum of the
reflectance, in terms of the angle, A, for angular interrogation, or wavelength, A\, for spec-
tral interrogation, when the refractive index of the analyte changes by An. For example, in
Kretschmann configurations based on angular interrogation, it is common to express it as [237]:

= —. 4.1
SB.e An (4.1)

Alternatively, for plasmonic sensors based on spectral interrogation, the sensitivity is writ-
ten as:

AN
_ 4.2
SB,)\ 277,’ ( )

where the subindex 6, or A, defines the parameter used in the interrogation of the system.
Although sensitivity, Sp, relates those parameters involved in the operation of the system, it
still does not fully characterize the performance of the device. This is better expressed as the
FOM of the sensor. This parameter is defined as the sensitivity, Sp, divided by the angular,
or spectral, full width at half maximum (FWHM) of the spectral reflectance plot. Using this
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approach, FOM is expressed as [265]:

Sp

FOM = v

(4.3)

The goal of the design is to obtain high values of Sp and FOM. When the incoming
light is efficiently coupled to plasmonic absorption, the total reflectance is minimum. So we
can optimize the design by searching the geometrical parameters and materials that lead to a
minimum reflectance. However, we have two metallic layers in the design, and we are interested
in enhancing the plasmonic absorption at the planar metal /analyte interface, which leads to a
maximum field intensity inside the analyte, and hence it will be more sensitive to variations in
the analyte refractive index. To limit our search to only those parameters that leads to strong
SPR at the metal/analyte interface, we should combine the efficient light coupling (minimum
reflectance), with the high field concentration at the desired location (maximum field inside
the analyte) in a single merit function (MF). A simple definition for this function is:

MF = Hpap x (1= R), (4.4)

where H,,q, is the maximum field at the analyte, and R is the total reflectance of the device.
Our goal is to maximize the value of M F which will make H,,,; large and R minimum.

A Comsol model is built for the unit cell of the geometry presented in figure [£.1lb. The
structure is illuminated with a plane wave (TM mode) and having a magnetic field amplitude
of 1 A/m oriented perpendicular to the plane presented in figure b. We arbitrary set the
geometrical parameters and materials for the design in figure [f.1b as listed in table

Table 4.1: Materials and layer structure of the metalslit sensor

Layer Material Dimensions
Substrate SiO9 00
Grating Au height GH, width GW, and period P= 1000 nm
Buffer layer MgF'y tpr = 300
Thin-film Au tao = 35 nm
Analyte water based solution o0

The optical response for this structure reveals three minima of the spectral reflectance
(see figure [4.2la) corresponding to three different interactions with the device layers. The
magnetic field spatial distributions for the three modes are presented in figure [£.2|b,c,d. These
maps reinforce the previous explanation of the involved physical mechanisms. The shortest
wavelength minimum (SPRM2 in figure [4.2la) corresponds with the SPR that happens at
the metal/analyte interface. This interface is flat, allowing easier maintenance and operation.
Furthermore, a strong field concentration happens at the analyte produced for this resonance
as in figure [£.2]b. The second minimum (SPRMI in figure a) appears as an SPR at the
metal grating/substrate interface. SPRM1 resonance is isolated from the analyte, and there is
no direct interaction between them. The field concentration is higher at the grating substrate
interface (see figure c). There exist a third minimum related with a guided mode within
the stand-off buffer dielectric layer as in figure [£.2d. This guiding mode is produced by the
funneling mechanism that exists for metal/dielectric structures with narrow aperture [201),
260, 267, 268]. Therefore, we focus our attention on the SPRM2 resonance, that is directly

81



4. OPTICAL SENSORS BASED ON SURFACE PLASMONS

1.0
0.8
[}]
[¢]
Eo.s-
(4]
o
©0.4
(4
0.2
Guided Mode
0.0 r . . .
1.3 1.4 1.5 1.6 1.7
A [um]
[o) | sPrmz] [( | SPRM1| [(q) Guided mode| g *°
| | 30
u - - .
- -y 10

-—"» ‘ °
M1 i) 1 L|'1_A_rl_Lﬂ_‘ e

Figure 4.2:  (a) Spectral response of the device showing three reflectance dips: SPRM2 appears at
the M2/analyte interface, SPRM1 appears at the substrate/M1 interface and it is not accesible in this
design, and a guided mode that correspond to ligth trapped within the buffer layer. (b),(c),(d) Magnetic
field maps at the wavelengths where the three minima of the reflectance occur.

happening at the metal /analyte interface so, it will be more sensitive to variations in the
analyte.

The optimization of the device requires the modification of the geometrical dimensions and
an appropriate choice of the materials used for the deposition of the layers. To do that, we
may apply a multidimensional optimization of the device where all the available parameters
are considered simultaneously. This strategy would need the definition of an optimization MF
(see equation ,(this function cannot be mistaken with the FOM parameter in equation
, FOM). To provide a clear insight into the effect of a given geometrical parameter on the
response of the device we perform the optimization for each layer separately. Five geometrical
parameters are at play in this device. The grating geometry (height GH, width GW, and
period P). The buffer layer thickness tpr, and refractive index npr. The thin metal layer
thickness tps2), and substrate type. Both, the metallic grating and thin-film metal layer can
be from the same material or a combination of different materials. We will study the device
performance for two metals that are widely used in plasmonic sensors: Ag, and Au.

The starting point for the optimization process shown in figure[4.1}b, and listed in table
First, we fix the resonance wavelength at 1500 nm arbitrarily to scan for the grating geometry
(GH and GW), that maximizes the merit function for each selected metal: Ag and Au. We will
show in the next step how the period parameter can be used to tune this operating wavelength.
The optimization map for the device having the grating and the thin metal layer made of Ag
is shown in figure [{.3la. In this map, several combinations of the grating parameters GH and
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GW lead to large MF, for example, the GH values range from 50 nm to 200 nm, and GW
ranges from 50 nm to 600 nm. The highest MF is obtained for GH=100 nm, and, GW = 470
nm.
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Figure 4.3: (a), (b) Optimization maps for the grating width (GW), and height (GH) of the design
with Ag, and Au metals, respectively. (c), (d) Optimization maps for the buffer layer thickness tpy,
and material ngy, for Ag, and Au metals, respectively.

The optimization map for the design with both the grating and the thin metal layer made
of Au is shown in figure[d:3|b. The selected optimum parameters for this case are GH = 100nm
and GW = 580nm. The optimized parameters at each step are used as a starting point for the
next optimization. For the buffer layer, we should search for materials that could be spin-coated
or casted to fill the nanoslit and generate a flat surface to deposit the last metal layer, M2 on top
of it. Some examples are MgFq, SiO2;, poly-methyl methacrylate (PMMA) (optical constants
from [I87]), and AZO (optical constants from [I67]). This layer is of importance because it
transfers the scattered radiation from the nanoslits towards the metal/dielectric interface where
the SPR is generated. Both, the thickness and material type of the buffer layer, can affect the
propagation of the scattered radiation coming from the nanostructured first metal layer, M1,
and impinging on the second metal layer, M2. The optimization presented in figure [£.3]c for
Ag and[4.3|d for Au is made in terms of the index of refraction and thickness of the buffer layer.
We limit our study for refractive index between 1.3 and 2, which correspond to the majority of
dielectric materials, and assume a lossless property for it (the refractive index real) to simplify
the calculation. This assumption of a lossless material for the buffer layer is valid for many
dielectrics such as glass, MgFo, PMMA, etc. The highest MF is obtained for tp;, = 350 nm,
and refractive index ngr,= 1.37 for the design with Ag, and tg;, = 360 nm, and refractive index
npr= 1.37 for the Au case. The thickness of the second metal, 30, also modifies the spectral
reflectance line-shape. The reflectivity is low, almost zero for a thin metal layer thickness of
taro = 35 nm, which is chosen as optimum. Increasing or decreasing the thin metal layer from
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this value leads to a shallower reflectance (see figure a for Ag, and figure b for Au),
meaning a less efficient coupling of the incoming radiation into the SPR resonance. The design
has almost the same behavior for Ag and Au metals when a parameter changes, however, the
Ag response is always much narrower.
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Figure 4.4: (a),(b) Spectral reflectances that show the effect of the Ag and Au thin-films respectively
on their designs response. (c),(d) Spectral reflectances that show the effect of the substrate type on the
reflectance line shape for Ag and Au designs, respectively.

For the substrate, some feasible options arranged from lower to higher index of refraction,
ng, are MgFq, SiO9, and SF glass (optical constants from [269]). As far as the optimization
process has been done for a SiOo substrate, changing the substrate type strongly affects the
optical response of the design (see figures c, and d for Ag, and Au, respectively). This
behavior is not the same as that obtained for Kretschmann configurations, where a low index
substrate is preferable to enhance sensitivity. This difference can be explained by the material
arrangement of the proposed device, where the buffer layer (BL) works as an effective substrate,
requiring a low index material to optimize the device. The Ag layer may oxidize and interact
with the solutions, so, we need to add a passivization layer on the top of the Ag layer to protect
it and prevent its interaction with the analyte. As we see from the response of the design with
Ag and Au metals in figure [£.4] the design with Ag has a narrower response than Au. So, in
both cases we can replace the Ag and Au thin-films by Ag-Au bi-layer, having Au adjacent to
the analyte for both cases. We keep the total thickness of both layers at the optimized one (35
nm), a schematic for this change is depicted as insets of figure The results show that a
bilayer made of Ag (30 nm thick) and Au (5 nm thick) behaves better for both cases.
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Figure 4.5: (a)(b) The effect of the bi-layer Ag-Au thin-films combinations on the reflectance line shape
of the Ag and Au designs respectively. The xx-xx numbers in the legends mean the Ag-Au thicknesses.

From the previous sequential optimization, we find the optimum arrangement for each
design, which is listed in table [4.2]
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Figure 4.6: (a) ,(b) Magnetic field z- component distribution at resonance for the Ag and Au designs,

respectively.

This structure produces a profile of the amplitude of the magnetic field that has a maximum

at the second metal/analyte interface, where the SPR is generated. Figure left map shows
how the SPR amplitude is fitted to an exponential decay function of the form:

H = Ae ¥/% 4 B,

(4.5)

where A, and B are constants with magnetic field dimensions, y is the coordinate along the
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direction of propagation, and d, is the decay length of the SPW. The fitting of the model
provides a value of d, = 960 nm, which is directly related to the interaction volume.

The field distributions at resonance in different orientations of the unit cell are shown
in figure where the propagation direction and plane of the incoming radiation and the
propagation direction of the SPW are illustrated. Although it is possible to fabricate a uniform
ultra-thin-film Au films as a passivization layer [270], it is easier and more practical to use
dielectric materials, which can be evaporated or spin coated.
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Figure 4.7: (a) A schematic for the device using a dielectric passivization layer between the Ag thin-
film and the analyte. Optimization of (b) the geometrical parameters, and (c) the buffer layer for the
dielectric passivization case.

In figure [4.7}a, we show the schematic of the device using 10 nm MgFy as a passivization
layer for the design with Ag thin-film. The optimized designs with Ag, show a narrower optical
response compared with those with Au (see figure [1.4). However, Ag is highly oxidized metal,
and highly interactive with the environment. For these reasons, we passivate the Ag designs
with a very thin layer of Au to overcome these issues, and to take advantage of the narrow
response of Ag. Although the optimized Au passivation layer is very thin, it alters the response
of the devices (see figure . As an alternative, we passivate the device with a thin layer made
of dielectric material. Following the same optimization procedure and using the same MF, we
calculate the optimum geometrical parameters of the grating GH, GW as 15 nm, and 75 nm,
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respectively. The buffer layer optimization reveals a similar finding for the device without
dielectric passivization as we obtain an optimum of 1.37, and 340 nm for the npy, and tgg,
respectively. The optimized thickness of the thin metal layer tp70 is 35 nm, and SiOs is the
optimum substrate.

4.1.3 Device performance

We have optimized the design with three configurations depending on the materials used
for the metallic grating, thin metal film, and the passivization layer. The final device can have
one of the three structures listed in table Now, it is possible to evaluate sensitivity and
FOM defined in equations and , for these three optimized designs.

Table 4.2: Optimized geometrical parameters for metallic silts structures

Design ~ Material Dimension and shape
Au/Ag-Au
Si0O9 oo substrate
Au (GH =100 nm, GW =580 nm) grating
MgF9 (tp=360 nm) thin-film
Ag-Au (tar2=30+5 nm) bi-layer thin-film
H>O oo superstrate analyte
Ag/Ag-Au
SiOy oo substrate
Ag (GH =100 nm, GW =470 nm) grating
MgFs (tp=350 nm) thin-film
Ag-Au (tar2=30+5 nm) bi-layer thin-film
H->O oo superstrate analyte
Ag/Ag-MgF
SiOq oo substrate
Ag (GH =15 nm, GW =75 nm) grating
MgF's (tpr,=340 nm) thin-film
Ag-MgF, (tpr2=35+5 nm) bi-layer thin-film
H->O oo superstrate analyte

We fix the refractive index dynamic range as n, € (1.33,1.35) to compare the three de-
signs. The Ag/Ag-Au, and Ag/Ag-MgFs designs, show better performance compared with the
Au/Ag-Au design. Ag/Ag-Au has a maximum sensitivity, and FOM of 1000 nm/RIU and 705
RIU™! respectively. Although sensitivity slowly degrades for this design within the selected
dynamic range, the FOM greatly decreased by more than 47% of its initial value and becomes
370 RIU™! (see figure [4.8la). The Au/Ag-Au design shows moderate values for the FOM but
degrades fast too, having a maximum sensitivity and FOM of 940 nm/RIU and 453 RIU~ Y
respectively (see figure [4.8b). The Ag/Ag-MgF, design has maximum sensitivity and FOM
of 955 nm/RIU and 734 RIU™!, respectively (see figure |4.8/c). Both sensitivity and FOM for
Ag/Ag-MgFs design, slowly degrade compared to the two other designs, where the values of

87



4. OPTICAL SENSORS BASED ON SURFACE PLASMONS

sensitivity and FOM reaches 931 nm/RIU and 534 RIU™!, respectively, at n, = 1.35. As a
final step, we make a comparison of our results with recently reported values in this field [271].
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Figure 4.8: Sensitivity and FOM for different values of index of refraction of the analyte n, for (a) the
Ag/Ag-Au design, (b) the Au/Ag-Au design, and (c) the Ag/Ag-MgF, design.

At this point, we should emphasize that sensitivity values can be misleading because they
don’t fully represent the performance of the device. As a result, we can obtain a high value of
sensitivity, above 1000 nm/RIU, with a low value of FOM, below 100 RIU™!, that may limit
its practical application. The goal is to obtain in the same device a large value of sensitivity
and FOM, within a wide range of values for the index of refraction. A comparative for the
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values of Sp and FOM of different previously reported designs and our work here is listed in
table When comparing the device with the previous proposal we can see that the Sp )
provided for our design is higher than those reported in [272] (graphene/graphene oxide-based
SPR) [273] (silicon nanostructures) [237] (maximum theoretical limit for Kretschmann configu-
ration), [81](nanogrooves at the analyte interface), [274] (excitation by dielectric grating) [275]
(single Au nanorods), [276] (aluminum (Al) gratings coated with Au), [277] (Au coated over Ag
nanoprisms), and [278] (metallic metasurfaces). The calculated value of Sg y = 1000 [nm/RIU]
is comparable to those obtained for an Au flat interface [275]. This value of sensitivity is also
higher when compared against Sp ¢ reported in [279] (MoSs-graphene structures), [280] (ZnO
films), and [281] (MoSz/graphene hybrid structure). A final comparison in terms of the FOM
parameter also shows a better performance of the proposal presented in this contribution than
previously reported values for this parameter [275], 277, 280}, 281].

Table 4.3: Maximum values of sensitivity and FOM for the optimized silts structures, and some similar
reports

Design Interrogation Sp [nm/RIU] or [deg/RIU] FOM (1/RIU)

Ag/Ag-Au Spectral 1000 705
Au/Ag-Au Spectral 940 453
Ag/Ag-MgF» Spectral 955 734
[278] Spectral 700 -
[277] Spectral 425 3
[81] Spectral 500 -
[254] Spectral 717 162
[282] Angular 1010 108
[272] Angular 120 -
[273] Angular 155.68 -
[237] Angular 600 -
[276] Angular 247 -
[280] Angular 203 20.1
[281] Angular 140 19

4.2 Funneling in multilayered metallic gratings

A stack of metallic gratings with subwavelength features, embedded within a low-index
dielectric medium can produce selective transmission or reflection of the incoming light [267,
268, 283]. Light is strongly confined through funneling mechanisms and excites resonances
that senses the variations of the refractive index of an analyte medium. In this section, we
propose two terminations of a multi-layer grating structure that works as a plasmonic sensor
[284]. These proposals take advantage of the narrow spectral features produced by the light
funneling effect to provide a plasmonic sensor with high FOM. The termination layers of the
proposed designs will take into account the compatibility with aqueous solutions for their use
in sensing biomedical samples.
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4.2.1 Light funneling designs for sensing applications

The proposed structure is shown in figure The geometry is described in 2D because
the material profile is extruded along the third coordinate. It is made as a multilayer metallic
grating having a narrow deep aperture that reaches the substrate. The material stack is made
of metallic (Ag) and dielectric (Cytop) alternating materials. To allow substrate illumination,
we choose SiOg as the substrate. Each metallic layer has a thickness of ¢,,,1 = ¢, 2 = 70 nm,
and the dielectric layer has a thickness of t51 = t42 = 150 nm, that results in a total height
of h = 440 nm. Our selection for this geometry is based on previous studies on light funneling
mechanisms using a hybrid multilayer grating structure [201]. The period of the grating is fixed
as P = 1150 nm to spectrally locate the response around Ay = 1500 nm, where the availability
of light sources and detectors is assured. As it has been previously proved, the grating period
can be changed to tune the resonance wavelengths at the desired spectral location: an increase
in P produces a red-shift of the spectral response of the structure. The width of the aperture,
or slot, is GW = 50 nm and has been optimized to give the narrowest spectral response and
the highest field confinement at the analyte interface (we consider water based solution as the
target analyte, nyater = 1.33).

This structure can be fabricated by successive depositions of metal and dielectric layers that
can be selectively etched after exposing the stack with the desired grating pattern through,
for example, e-beam lithography. Then, the etched trenches are filled with the same low-index
dielectric using spin-coating techniques.

(b)

Substrate (Si0,) [l

Dielectric (Cytop)
Metal (Ag)

Analyte (water) Funnel-Transmission Funnel-SPR

Figure 4.9: (a) Multi-layer metallic grating structure with periodic narrow slits (period, P) of width
GW and height h = t,;, 1 +tq, +tm,2+ta2. (b) The funnel-tranmission design adds another metal (¢,, 3
in thickness) before etching the aperture. Then, the dielectric layer overfills the structure that has a
full height of h + ¢,, 3 + t4 3. The dielectric is in contact with the analyte. The input irradiance, [ixc,
is coming from top, and after interacting with the device is partially absorbed, transmitted (lirans),
and reflected (Iren). These irradiances are represented as red arrows. (c) The funnel-SPR design is
terminated with a continuous (no apertures) metallic layer having a thickness of t,,, 3 (this thickness can
be different than the one used in (b)). SPRs are generated at the interface between the metal and the
analyte. Transmission towards the analyte is negligible, and the output of the system is read through
the reflected irradiance, Ien. (d) 3D graphical layout of the measurement system for the design in
(c). Light is coming from the substrate and the reflectance is also retrieved in the same port, and the
nanostructures have been enlarged to show the arrangement.

Using this basic arrangement, we analyze two possible variations of the termination of the
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4.2. Funneling in multilayered metallic gratings

device. They differ in the material interfacing with the analyte. In the first design, which we
name as funnel-transmission design (F-T), we stack a third metallic layer (¢, 3 = 70 nm) over
the two-layer basic structure (see figure [4.9la) before etching the slits. Then, after engraving
the slits, the device is finished with a flat dielectric layer (having a thickness t;3 = 70 nm)
producing a dielectric/analyte interface (figure b). This is possible by overfilling the slots
with Cytop™ using a spin-coating fabrication method. The second design, named as funnel-
SPR design (F-SPR), also fills the slots of the two-metallic stack with the same dielectric
material (Cytop™). Then, the structure is terminated with a thin metallic layer (Ag) of
tm,3 = 45 nm covering the whole device (this thickness for the third metallic layer is different
than the one used in the funnel-transmission design). The analyte (water based solution) is in
contact with the Ag surface (see figure ¢). To improve biocompatibility and durability, we
may add a very thin passivation layer (MgF3) without compromising the good performance of
the device [285].

There is a main difference between the physical mechanisms at play in both designs. The
funnel-transmission device, having a dielectric/analyte interface, is based on the selective trans-
mission of light through the subwavelength apertures towards the analyte. The funnel-SPR
design generates SPRs at the metallic/analyte interface. In the following, we use both mecha-
nisms to sense the change in the refractive index of the analyte.

A plane wave with its magnetic field oriented along the direction of the grating grooves (a
TM mode) is launched from the port located at the substrate side with an amplitude of Hy = 1
A/m. As a result, the modulus of the calculated magnetic field will be directly considered as

field enhancement:
H(z,y,z)

Hy
where H(z,y, z) is the calculated magnetic field amplitude and H is the incident magnetic field

amplitude. The performance of the refractometric sensor is evaluated using the two common
parameters of optical sensors: sensitivity, Sp, and FOM.

FE(z,y,2) = (4.6)

4.2.2 Analysis and results

The narrow, high aspect-ratio, aperture of the geometry depicted in figure transmits
light selectively within a very narrow band. The result is the presence of absorption and
transmission peaks at those wavelengths where light can generate resonances in the structure.
Both the spectral response and field enhancement maps for the funnel-transmission design are
shown in figures [f.10ja and [£.I0[b. In these figures, the incoming light funnels through the
structure and is fully coupled to resonant modes at two wavelengths located at Ap.1 1 = 1500
nm and Ap.T2 = 1512 nm, respectively. In the first resonance at Ap.r 1, light is strongly
confined within the first dielectric grating layer (having a thickness of ¢4 ; in figure a), and
coupled to a plasmonic resonance at the metallic grating close to it. The transmission and
absorption are almost equal. For the second resonance, located at Ap_t2 = 1512 nm, a weak
absorption occurs within the structure, and most of the incoming light is selectively transmitted
within a very narrow band. As a result, more fields will be available to interact with a large
volume of the analyte. The effect of these characteristics on the performance of the structure
as a sensor will be presented in the next subsection [4.2.3

Figure [£.10lc,d shows the optical response of the funnel-SPR design presented in figure
c. This arrangement has a negligible transmission (the transmitted power does not take
into account the evanescent waves generated by the plasmonic resonances). Here, the tiny slots
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Figure 4.10: Field enhancement maps (FE, see equation ) and spectral reflectance (R), transmit-
tance (T'), and absorption (A) for the designs treated here. (a) Spectral behavior for the funnel-
transmission design spectral features showing two resonant wavelengths: Ap.r; = 1500 nm, and
Ap.1,2 = 1512 nm. (b) Field enhancement maps for these two wavelengths. (c) Spectral behavior
for the funnel-SPR design. (d) Field enhancement maps for the two spectral features of this design at
Ar.spr,1 = 1481 nm, and Ap.gpr,2 = 1500 nm. In (b) and (d) light comes from top, and the analyte is
located at the bottom.

funnel and guide the light towards the metal/dielectric layer where SPRs are generated. The
first resonance at Ap.gpr,1 = 1481 nm (see figure c¢) shows a reflectance close to zero caused
by the excitation of SPRs. The distribution of light at each dielectric layer is different, and
the first dielectric layer (1 in thickness) hosts a field distribution with a larger amplitude.
The interaction between the SPR resonances and the periodic funneling of light generates an
asymmetric lineshape. For the second spectral peak in figure ¢ (Ap.gpr,2 = 1500 nm), light
scatters from the grating layers and is partially absorbed by SPR, and partially reflected. Due
to this balance between reflection and absorption, the spectral peak (or dip in reflectance) is
shallower. The FE map for this wavelength (see figure d) shows a maximum at the analyte
location where the SPW will interact with the analyte. This is a very interesting feature when
considering the device as a refractometric sensor. The field enhancement maps (see figures
b and d) show how the dielectric of the structure hosts a larger field enhancement for
modes Ap.-T2 and Ap.gpr2 than for modes at Ap.1; and Ap_gpr,1. Therefore, their behaviors
when changing the index of refraction of the analyte are different.

From the spectral features shown in figure [£.10, we can make some predictions about the
performance of the structures when used as refractometric sensors. As far as FOM increases as
the resonance is narrower, Ap.T 2, and Ap_spr,1 should behave better than the other resonances
for the same design. Sensitivity should also follows a similar trend. On the other hand, although
this is not fully analyzed here, a larger interaction volume, as it happens with Ap_spr 2, should
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mean a lower limit of detection of the given substance in the analyte.

4.2.3 Refractometric sensor performance

The performance of the proposed structures as refractometric sensors is analyzed by calcu-
lating the sensitivity, Sp, and FOM for different values of the index of refraction of the analyte
for both designs and different modes. The range in n, is selected near the index of refraction
of water to customize the design for water soluble samples.

We first evaluate the performance of the funnel-transmission design (see figure b). As we
saw in the previous section, for the given spectral range, this design has two spectral features
of the reflectance, transmittance, and absorption spectrally located at Ap.1; and Ap.T2 (see

figure a).
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Figure 4.11: Sensitivity , FOM and FWHM ws. the index of refraction of the analyte for the range
ng € [1.33,1.35]. The plots for the funnel-transmission design are given in (a) and (b) for wavelengths
Ar.r,1 and Ap.r 2 respectively. The responses of the funnel-SPR design are shown in (c¢) and (d) for
Ar-spr,1 and Ap.gpr,2 respectively.

The first dip at A = 1500 nm has a strong plasmonic resonance in the embedded metallic
grating layers. The results for this dip are shown in figure [{.1T}a. The spectral response
becomes wider with increasing the analyte refractive index, 7. e. FWHM is larger, and as
a result, both sensitivity and FOM decrease when increasing n,. However, we find a range
in the index of refraction where Sp remains almost constant. From the definition of the
sensitivity, this constancy means a linear behavior of the spectral location of the resonant
wavelength, A.es, with respect to the index of refraction of the analyte, n,. After performing
this fitting we conclude that the device could operate linearly at this mode, Mg, in the
range n, € [1.33,134], following the dependence: A5 = 805n, + 429 nm, that results in a
linear correlation coefficient » = 0.99998. The slope of the linear fitting corresponds with the
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sensitivity value Spy = 805 nm/RIU. These results confirm that the device performs better
when the analyte is mainly water, as it happens with blood plasma [286]. As a consequence of
the narrower spectral feature of the second resonance located at Ap.T2 = 1512 nm, the sensor
performs better in terms of its sensitivity and FOM. In this mode, both sensitivity and FOM
are larger because of the larger transmitted optical energy to the analyte side, and the narrow
width, respectively (see the field enhancement maps in figure . The FWHM decreases
from 2.65 nm for n, = 1.33, to a 0.3 nm minimum for n, = 1.35. That makes the device
better suited for higher values of the refractive index. For the funnel-SPR design (see figure

Table 4.4: Maximum values of sensitivity and FOM.

Design A (nm) Sg.a (@ng) (nm/RIU) FOM (@Qn,) (1/RIU)
Funnel-Transmission  Ap.; = 1500 800 (@ 1.33) 300 (@ 1.33)
Apory = 1512 1000 (@ 1.33) 1970 (@ 1.35)
Funnel-SPR Ap.gpr = 1481 1130 (@ 1.35) 2100 (@ 1.35)
Ar-spR2 = 1500 1100 (@ 1.35) 1330 (@ 1.35)

c figure c and d), we have observed the generation of SPRs at the metal/analyte
interface. Their lineshapes are now dependent on the coupling of the periodic funneling caused
by the grating, and the SPR. This design shows high sensitivity and ultra-high FOM values
reaching 1130 nm/RIU and 2100 RIU™!, respectively for the mode located at AF-sPR,1 = 1481
nm. This behavior is presented in figure [£.1T}c in terms of the index of refraction of the analyte.
For the second resonance at Ap-spr2 = 1500 nm, only one layer of the grating scatters the
funneled light toward the metal film, so the coupling is weaker compared to Ar.spr,1. The
complete results of the resonance at Ap.gspr,2 are shown in figure d. A summary of the
maximum values of sensitivity and FOM for both designs and modes are listed in table

4.3 Funneling in dielectric nanoprism gratings

A high aspect ratio dielectric grating can produce a funneling-like effect and focus light
over a broadband wavelength range [193]. This mechanism can be used to direct light to-
wards a thin metal /dielectric interface where an SPR is generated. We propose the use of
nanoprisms embedded on a flat dielectric substrate and adjacent to the metal-dielectric layer
used for sensing through the excitation of SPR [287]. This structure funnels the incoming
radiation more efficiently, and therefore, plasmon resonances benefit from the increased energy
reaching the plane of interest. The proposed devices perform better than similar structures
and have geometrical and material arrangements that are feasible and fabricable with standard
nanofabrication techniques.

4.3.1 Nanoprism design

The geometry of the proposed structure can be seen in figure [£.12Ja. Light is normally
incident towards the tip of an isosceles nanoprism array. We consider an MgF9 substrate that
can be etched, or patterned, with periodic longitudinal grooves having the desired triangular
shape [201], 288]. These grooves are filled with AZO. This material can be spin-coated over the
nanopatterned substrate to produce a planar interface for the deposition of a metal thin-film,
for example, Au to assure good biocompatibility. Finally, we have considered water based
solution as the medium under test to mimic biosample conditions. The optical constants for
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the materials have been obtained from [I85] for MgFs, [167] for AZO, and [128] for Au. This
selection of materials has been guided by a first analysis of the feasibility of the device in
terms of fabrication constraints. The index distribution is appropriate when considering the
matching between a low index substrate (MgF2) and a high index buffer layer (AZO).

Normal incident light

Incident
Power

Dielectric
Period of unit cell 2D (P)

Suijauuny

Substrate

[ 2NN\

Figure 4.12: (a) Schematic diagram of the proposed structure. The red lines with arrows show how the
incoming light flows through the grating towards the thin metal film. the Signs (—-, +4+++) represent
the surface electrons of the metal and the associated plasmonic field, their propagation along the metal
surface represented by the red curves with arrows. (b) Time-averaged power flow at A = 758 nm for
the proposed structure without the metal layer where the funneling mechanism is shown.

A preliminary analysis considers a TM plane wave normally incident from the substrate side
on the structure, without incorporating the metal layer. The amplitude of the incident magnetic
field is 1 A/m. The results for this structure show how light is funneled and guided through
the prism, reaching the region where the metal-dielectric interface generates SPR (see figure
b). The field available in this region is stronger than that of the classical Kretschmann
setup. This configuration shows a very strong plasmonic resonance at some specific wavelengths
determined by the geometrical parameters of the structure. Additionally, the geometry of the
device and the choice of materials are of great importance to properly operate the device. The
geometry of the system is determined by the thicknesses of the buffer and metal layers, tpy,
and t)[, and by the parameters defining the nanoprism (width and height, GW, and GH), and
its spatial periodicity, P. The three-dimensional shape of the nanoprism is extruded from a
two-dimensional design (see figure ). The prism region is divided into two portions, A
and B, defining the groove array and the plane-parallel buffer layer. These two regions can
be fabricated with the same material or using two materials, giving two designs with different
spectral behaviors. The results obtained from the computation have been used to optimize
the design with two main goals: to increase the field amplitude at the location where SPR are
generated (metal-water interface) and to decrease the width of the reflectance dip associated
with the resonance. This resonance is parameterized by the FWHM of the spectral reflectance.
We perform the optimization by taking one geometrical or material parameter at the time.
This strategy is well suited to understand how each geometrical parameter changes the overall
performance of the device. Additionally, by monitoring and optimizing the field enhancement
and the FWHM of the spectral reflectance, we also obtain higher values for the sensitivity
and FOM. After optimization, we found that the geometrical parameters producing a better
response are:tgy, = 100 nm, t); = 30 nm, GW = 325 nm, GH = 700 nm, and a periodicity of
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P =550 nm. These values have been obtained taking into account the fabrication constraints.
This is why we have considered a step of 25 nm between successive values included in the
optimization. We have also avoided the use of ultra-thin or ultra-thick layers that could
compromise the feasibility of the device. Figures [{.13]a,b show the maps of the Z component
of the magnetic field at the resonant wavelength A = 758 nm for the proposed structure and
Kretschmann device, respectively. The incoming radiation is a plane wave having an amplitude
of 1 A/m. The polarization corresponds to a TM mode. The wavelength used for optimization
is chosen arbitrarily and, if necessary, can be shifted by changing the period parameter, P.
To compare our results with those obtained from the classical Kretschmann configuration we
evaluate its performance using the same wavelength, A = 758 nm, to illuminate the prism.
Then, we calculate the angular dependence of the reflectivity to obtain the incidence angle at
which the resonance takes place for the Kretschmann prism, which is 66.28° for BK7 glass /
Au [50 nm] / water based solution.
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Figure 4.13: (a),(b) Map of the magnetic field at A\ = 758 nm for an input magnetic field amplitude of
1 A/m and polarized as a TM mode for the proposed design and Kretchmann configurations respec-
tively. (c¢) Profile of the electric field magnitude along the direction of propagation for the Krestchmann
configuration (black solid line) and for the nanoprism device (red dotted line).

The map in figure [4.13|a shows a significant enhancement of the evanescent field in the an-
alyte medium due to the focusing effects (funneling and guiding) produced by the nanoprism.
This enhancement is larger in the proposed device that works under normal incidence condi-
tions when compared with the conventional Kretschmann results in figure [.13]b. Besides the
field enhancement obtained with the nanoprism device with respect to the Kretschmann con-
figuration, we can see (figure c) that the plasmon resonance propagates within the medium
under test along with an estimated depth of 180 nm and 300 nm for the Kretschmann setup
and our proposal, respectively. Therefore, the interaction volume of the proposed nanoprism
structure is larger than in the Kretschmann setup. The values of sensitivity and FOM are
evaluated from the spectral behavior of the reflectance when changing the index of refraction
of the medium under test. In figure [f.14]a we have plotted several reflectance curves for differ-
ent values of the index of refraction of the analyte. Figure [£.14]a shows a degradation in the
sharpness of the minimum when the index of refraction of the analyte becomes closer to the
buffer layer index. In this situation, that involves a very thin metal film, reflectance becomes
smaller because of the difference in the index of refraction diminishes. The maximum values
for Sp . and FOM obtained from figure [£.14b are 250 [nm/RIU] and 100 [1/RIU] respectively.
These values are higher than previously reported results for classical Kretschmann configura-
tions [272, 273, 274], [276], 281]. However, these values for both Sy and FOM are not constant
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when changing the refractive index of the analyte [281], 289, 290} 291].
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Figure 4.14: (a) Spectral reflectance for an optimum design that uses AZO as the buffer layer as a
function of the index of refraction of the medium under test. The sharpness of the resonance peak
degrades as the index of refraction increases. (b) Sensitivity (left axis and black dashed line) and FOM
(right axis and blue solid line) as a function of the index of refraction of the medium under test.

In the previous optimization process, we paid attention to the geometry of the device. Now,
we analyze how a different choice of materials can improve the performance of the device. To
do that, we distinguish between the nanoprism region and the plane-parallel layer separating
the nanoprism from the metallic deposition (portions A and B in figure ). Then, the
nanoprism material is still made of AZO to preserve the funneling characteristics and easiness
of fabrication using spin-coating techniques. In region B we replace AZO by gallium phosphide
(GaP, optical constants obtained from [292]). This change solves the degradation of the sharp-
ness of the reflectance peak when moving to a higher index (see figure a). This behavior
is well appreciated to improve the stability and reliability of the sensor. When analyzing the
final optimized design, we will resume this comparison.

The next material to analyze is the metal used for the generation of SPR. The choice of
Au is based on its good biocompatibility. However, Ag (optical constants obtained from [128])
is better suited to generate a stronger SPRs. To take advantage of both characteristics, we
propose a bi-metal layer made of Ag and Au as in section In figure [{.I5]a we have
plotted four possible options for the metallic layer. The reflectance of Ag (red line in figure
4.15{a) shows a sharper, narrower and deeper, reflectance peak than Au (black line in figure
4.15la). The peak for the Ag is located at a shorter wavelength than the resonance for an
Au metallic layer. The spectral reflectance for the combination of these metals in the bilayer
structure lies in between the two single-metal options, showing a better resonance as the Au
layer becomes thinner. An optimum solution is a bilayer made of 25 nm-thick Ag coated with
5 nm-thick Au. This solution combines both metals with thicknesses in the range of fabrication
technology. For the optimum case of a bi-metal layer considered previously, we have plotted in
figure[d.15]b the spectral response for several values of the index of refraction. When comparing
the spectral reflectances in figure [{.14la and figure [4.15b, we can also check how the sharpness
of the spectral peak is maintained for a larger range in the index of refraction of the analyte.
The reason for this improvement is the use of GaP in the fabrication of the buffer layer of the
device. Figure [f.15]c contains the values of sensitivity and FOM for the optimized device that
contains a bimetallic layer (25 nm Ag / 5 nm Au) and a GaP buffer layer.

These values are higher than those presented in figure[4.14)b where we had a single-metal Au
layer and an AZO buffer layer. Figure [f.15]c includes a vertical red line that signals the upper
limit in the index of refraction where the design analyzed in figure begins to degrade the
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Figure 4.15: (a) Spectral reflectance for single metal 30 nm thick layer made of Au (black) or Ag (red),
and for bi-metallic layer for two thicknesses combinations (blue and green). The yellow arrow selects
the response for the optimum arrangement (25 nm Ag / 5 nm Au). (b) Spectral reflectivities of the
optimum device that use a GaP buffer layer. The peaks show a similar sharpness for three different
values of the index of refraction. (c) Sensitivity (left axis and black dashed line) and FOM (right axis
and blue solid line) of the optimized sensor for an extended range of refractive index. The vertical line
denotes the limit analyzed in the previous design where the buffer layer was made of AZO and the
metallic layer was made of Au.

sharpness of the spectral reflectance peak. The optimum structure has a maximum Sp ) = 450
nm/RIU, which is stable over a wide range of refractive index changes and corresponds to a
FOM ranging from 160 to 220 1/RIU.

These values are better than some recent proposals that use graphene [272), 279, 281], silicon
nanostructures [273], dielectric or metallic gratings [274], 276], oxide films [280], and metallic
nanoprisms (Au coated over Ag nanoprisms) [277]. When not working at a normal incident,
some other plasmonic structures, as the Au mushrooms, show a higher sensitivity but a lower
FOM [282].

4.4 Hybrid mechanisms in dielectric nanoprism gratings

In this section, we configure and analyze a nanostructured device that hybridizes grating
modes and SPRs. The model uses an effective index of refraction that considers the volume
fraction of the involved materials, and the propagation depth of the plasmon through the
structure. Our geometry is an extruded low-order diffraction grating made of dielectric nano-
triangles. Surface plasmon resonances are excited at a metal/dielectric interface, which is
separated from the analyte by a high-index dielectric layer. This proposal concentrates on the
combination of a low-order diffraction grating and a metal/dielectric interface where the SPR
is generated. Therefore, the period of the grating, P, is similar to the wavelength A\. SPRs
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are excited in reflection at the interface between a thick metal layer and a dielectric buffer.
On top of this dielectric layer, a periodic grating made of dielectric nano-triangles routes the
light towards the metal/dielectric interface. This triangular relief also triggers funneling and
guiding mechanisms that improve the performance of the devices [193] 287]. Light impinges
the structure from the analyte side that is located above the dielectric grating. In this case,
the excitation of an SPR depends on the index of refraction of the dielectric in contact with the
metal, on the grating parameters, and the effective index obtained by the combination of the
dielectric slab, the material of the nano-triangles, and the index of refraction of the analyte.
This combination produces a multi-resonance behavior related to the low-order diffraction
orders [293].

This hybridization has been already presented in recent contributions [294] 295], but the
ultra-narrow hybridized resonances reported here, generate higher sensitivity and FOM, that
expands over a wide dynamic range with reasonable performance. The device operates under
normal incidence conditions, easing its integration for both illumination and signal retrieval
systems, and allowing to place it on the tip of an optical fiber. A challenging application for
the device presented here would be the measurement of refractive index changes of the analyte
when the volume of the analyte is small (nano- or picoliters). This could be advantageously
used in sensing changes of the tear film, with potential application in the diagnostics of the
dry-eye syndrome [296, 297 [29§].

4.4.1 Model and variations

We analyze here the performance of nanophotonic structures that combine low-order diffrac-
tion grating modes and SPRs. Figure shows two cases with hybrid behavior. A diffraction
grating of period P along X —direction, and made of dielectric nano-triangles with an index
of refraction ngy, is placed on top of a material structure that may take several configurations
described as a cross section on the XY plane. We will extrude this geometry along the Z—axis.

Surface plasmons are generated at a metal/dielectric interface where the real part of the
dielectric permittivity of the metal (e,,) is negative, meanwhile, the index of refraction of the
dielectric remains real and positive. Our device is illuminated from top through a medium
of an index of refraction n;. Depending on the configuration, the analyte (having an index
of refraction n,) can be placed on top of the nano-triangles (n; = n,), or at the bottom of
the structure, interfacing with an index of refraction ny = n, (see figure a). If the metal
is thick enough (greater than some few penetration depths within the metal), the plasmon
resonance is suppressed at the bottom of the structure, and a dielectric buffer layer (having a
high index of the refraction, npr,) between the metal and the nano-triangles is used to promote
and enhance resonances on top of the metal layer (see figure b). The substrate is placed
on top for design in figure [£.16la and at the bottom in figure [{:16)b. In the second case, it
is an effective medium that combines the grating material, the analyte, and the buffer layer
that effectively controls the SPR generation. The excitation of an SPR at a metal/dielectric
interface coupled to a diffraction grating is driven by the wavevector matching condition [299].
The use of an effective medium is needed because of the presence of several materials in
the surroundings of the metal interface: the dielectric thin layer, the dielectric triangular
grating, and the analyte. Usually, the effective index of refraction is calculated with the so-
called homogenization method [I80]. In this method, each material contributes to the effective
refractive index proportionally to its volume fraction within the interaction volume of the
plasmon (i. e., close to the metal/dielectric surface). We parameterize the extent of the SP
with its decay length.
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Figure 4.16: Geometrical and material cross sections of two configurations for the generation of SPRs
combined with a low-order dielectric grating. This grating has a period P, and is carried out with
dielectric nanotriangles. Theses nanotriangles have a width GW, and a height GH, and they are made
with a dielectric material having an index of refraction ny. The metal layer, having an index n,,, has
a thickness t,,. The configuration in (b) has an additional buffer layer with an index of refraction ngr,,
and a thickness tgy,. Light is coming from top in both configurations, and the plasmonic resonance
can be generated on both sides of the metal layer if this is thin enough (case (a)) or only at the top
metal/dielectric interface (case (b)). The substrate supporting these structures, having an index of
refraction ng, is placed on top, ny = ng (case (a)), or at the bottom, ny = n, (case (b)). Meanwhile, the
analyte, with an index of refraction n,, is located at the bottom, ny = n, (case(a)), or on top, n; = n,
(case (b)). The geometrical parameters of the structure are depicted in the XY plane, being Z—axis
the extrusion axis of the 3D nanostructure.

The structure depicted in figure [£.16}a couples radiation towards a metallic thin layer. The
thickness of this layer, t,,, is thin enough (¢, ~ 45 nm) to generate SPR on both sides of
the metallic slab. Therefore, the analyte can be placed on top and/or at the bottom of the
structure.

When the metal layer is thick enough to prevent the excitation of the SPR at the bottom
interface, we find the configuration shown in figure[d.16]b. This configuration has an additional
thin dielectric buffer layer (being npp its index of refraction), with a thickness ¢py, small
compared to the decay length of the SP. This material appears at the wavevector matching
condition for those SPR at the top of the metal layer included in the calculation of the effective
index of refraction as a combination of the indices of refraction of three materials: buffer layer
(nB1,), nano-triangles (ny), and analyte (ng).

This dielectric buffer layer also controls the coupling between the diffracted wave and the
SPR mode, and improves the final response of the device [287]. In this case, SPRs are only
excited on top of the metal layer. The calculation of the effective index of refraction requires the
estimation of the spatial extension of the plasmon measured from the top surface of the metal.
This length is wavelength dependent and will be extracted from the simulations. Moreover,
the presence of the diffraction grating generates low-order diffraction modes that interact with
the structures. Furthermore, the combination of the grating lobes and the SPR leads, after
optimization, to an enhancement in the device’s sensitivity, a narrower spectral response, and
therefore a larger FOM.
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4.4.2 Design

In this section, we focus on the design shown in figure[4.16)b where the metal layer thickness
prevents the excitation of SPR at the bottom interface of the metal layer. The analyte medium
is on top of the grating (n; = n,), and plasmons are generated at the upper metal/dielectric
interface. The combination of the high-index buffer layer and the presence of the dielectric
grating produces a hybrid resonance with an ultra-narrow spectral response. The geometrical
and material arrangement is described in tabldd.5] organized from bottom to top, having
SiO2 as substrate and water as the superstrate. The values of the index of refraction for
the given materials are extracted from references [128], [300], and [I88] for Ag, GaP, and
SizsNy, respectively. The index of refraction of dielectrics is purely real, and their imaginary
parts are neglected within the studied spectral range. The SiOs substrate could be replaced

Table 4.5: Geometrical parameters and materials for the proposed device.

Material Dimension and shape [nm] n(A = 1.4um)
Si0q [0o] (substrate) ng = 1.45
Ag tm [200] (thin-film) N = 0.13065 — 110.156
GaP tpr, [100] (thin-film) ngr = 3.1369
SisNy  GW [610], GH [1070], P [1000] ny = 2.0005
H>0O oo superstrate (analyte) ne = 1.33

by other materials, even plastic, because it does not influence the optical behavior. For the
grating and buffer layer, the selection of the dielectric materials is key to obtain a high-contrast
of the index of refraction. Our grating is made of SizN4 with an index of refraction n, ~ 2 at
the operating wavelength (A € [1.35,1.55]um). This value is large compared with the index of
refraction of the analyte. In this design, we take a water based solution as the analyte. We
vary the index of refraction between 1.30 and 1.56 to consider for any additions, variations, or
even if the water based solution is replaced by other bio-chemical media [301], [302]. As we will
show, both the triangular shape of the grating relief, and the contrast in the index of refraction
between the analyte and the grating enhance the funneling of light towards the dielectric/metal
interface where the SPR is generated. This effect is also favored by the high-aspect ratio of
the grating relief, and also narrows the spectral response of the structure. The buffer must
be a transparent and high-index material: we use GaP as a starting point. Later, in the next
section, we will analyze the importance of the thickness and material selection of this buffer
layer to optimize the performance of the system.

This sensor can be easily implemented in an optical setup. We start with collimated light
exiting from an optical fiber and directed towards a measurement cell where the analyte fills the
volume between the collimation optics and the sensing surface. The spectrum of the reflected
light carries information about the analyte and is collected by the same optical system towards
detection. We consider that the device is illuminated from the top with a TM polarized plane
wave, under normal incidence conditions. In our simulation, we have set an amplitude of
1 A/m for the magnitude of the magnetic field of the incoming wave. Then, the magnetic
field map can be interpreted as a field enhancement map. Under these conditions, we have
calculated the spectral reflectance, R()), that is presented in figure R(\) contains the
mirror reflectance (0*" order) plus the low-order diffraction lobes (£15* orders). The lower it is,
the higher the power of the generated SPR, and thus the higher the sensitivity. In this figure,
when n, = 1.33, we see two minima located at A=1.337 pm and 1.4 pym. They result from
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Figure 4.17: Spectral response of the proposed structure. The insets represent the magnetic field Z
component for M =1, and M = 2 (the colorbar is the same for both insets).

the coupling of diffractive orders to the SPR. The first one (A = 1.337um) corresponds with
a mode that is mostly confined in the buffer layer and has very little exposure to the analyte
(see inset in figure [£.17)). However, the second minimum (A = 1.4um) shows a large amplitude
both within the grating material and the analyte interspace, also beyond the triangular tips.
At this point in the simulation, we use equation to find the effective index of refraction
(or effective permittivity), which reads as:

. 2mm EmEeff
nikosing £ — = ko, /| ——,
1o P 0 Em + Eeff

where kg is the wavevector in vacuum, 6 is the angle of incidence of the incoming wave, €, is
the real part of the complex electric permittivity of the metal, and e.g = ngff is the dielectric
permittivity of an effective medium in contact with the metal. We use the effective index to
account for the medium near the metal surface that combines the grating and surrounding
materials. First, we determine the diffraction order, M, of the resonance. This order can
be obtained after analyzing the field distribution within a period of the grating. The insets
in figure [£.17] show periodic field amplitude distributions that repeat once within the period
for A = 1.400pum, meaning M = 1, and twice for A = 1.337um, meaning M = 2. After
substituting in equation , the optical constant of the metal, Ag, and the value of the
period, P = lum, we find an effective index of refraction neg(A = 1.4um) = 1.3869, and
nei(A = 1.337um) = 2.5778 (where n’; = €efr). These values of the effective index are given by
a mixing model that includes the volume fractions of the materials of the arrangement. This
volume fraction is obtained by considering the amount of the volume of each material present
in the unit cell (with period P) up to an arbitrary height referenced to the metal/dielectric
interface, hog. When doing this calculation we find the height that fits the effective index values
at each wavelength previously evaluated from equation : heg(A = 1.400um) = 7.039pum,
and heg(A = 1.337pum) = 0.164pum. These height values can be related to the extent of the
region where the field interacts, as we will see when evaluating the field enhancement maps
in the next subsection The feasibility of these values supports the previously presented
mode of the hybridization mechanism between SPR and low-order diffraction orders.
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4.4.3 Optimization

As customary, we compare the performance of optical sensors by the sensitivity and the
FOM [61}, 271, [303]. Usually, when light efficiently couples to SPR, the field enhancement
is larger and the reflectance reaches a minimum value. This is why we will pay attention to
this enhancement (see equation (4.6)) and also to the spectral reflectivity R(A). These two
parameters can be combined in a merit function, MF, that is defined using equation .
The field enhancement parameter, FE, is defined here as the maximum value of FE(z,y, 2)
within the analyte volume. Reflectivity characterizes the behavior of the structure globally
at the wavelength of resonance, R = R(\wes). This merit function highlights hot spots in
the field map, and distinguishes the optimum coupling of the incoming radiation to the SPR
(in this case, as far as transmittance is negligible, a minimum reflectance means a maximum
absorption).
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Figure 4.18: Maps of the merit function ( equation ) for three metals as a function of the geometrical
parameters of the grating, GW and GH. (a) is for Ag, (b) is for Au, and (c) is for Al. The grating
period is P = 1uym, A = 1.4pm and n, = 1.33. The white circles are centered around the maximum
value of the MF. The colormap expands along different ranges for each metal.
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Figure 4.19: Spectral reflectance, R()), of the optimized geometry for the three metals. They are
analyzed for two values of the index of refraction of the analyte: n, = 1.33, and n, = 1.34. The spectral
locations of the minima are redshifted as n, increases.

The goal of the optimization is to set the geometrical and material parameters that maxi-
mize this merit function (see equation ) We first analyze the effect of the geometry of the
dielectric grating and the metal selection, and then we will move to optimize the thickness and
material choice of the buffer layer. Figure shows how the grating geometry (grating width,
GW , and grating height, GH) affects MF for fixed values of the wavelength (A = 1.4um) and
the period of the grating (P = 1um). Changing P moves the wavelength of resonance linearly
(as larger P, larger is Aes), and allows to tune the design for a given wavelength of interest.
The three optimization maps in figure [4.18] consider three possible choices for the metal: Ag,
Au, and Al. We select these materials because they are widely used in plasmonic sensors [304].
The dependence of MF with respect to GW and GH for the three metals is similar. Ag gives
the largest value of MF, and Al the smallest (see the different range in the color bar on the
right of the maps in figure for each metal).

The maximum values of the MF For for the three metals under analysis and the corre-
sponding geometrical parameters of the grating for each case are listed in table [£.6]

Table 4.6: Geometrical parameters of the grating and the MF of the optimized device for Ag, Au and
Al

Metal GW - GH [nm] MF Q

Ag 610 - 1050 108 700
Au 750 - 830 53 155
Al 850 - 770 40 88

The white circles in figure [£.18| determine the location in the map where the merit function
reaches the maximum value. Also, a combination of parameters close to those circles shows
a large merit function that does not compromise the performance of the system. Figure [{.19]
shows the spectral reflectance of the structure made with the geometrical parameters maxi-
mizing the merit function. We observe here how the response is narrower and slightly deeper
for Ag (as expected from the values of the MF). The reflectances have a similar lineshape but
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they differ in their linewidth. The resonances can be characterized by their quality factor pa-
rameter, QQ = Apes/AN, where AX can be given as the FWHM. Actually, the linewidth depends
on the material parameters as it corresponds with their plasmonic resonance origin. Using the
definition for ), we obtain the values listed in table [4.6]

When changing the index of refraction, reflectivity remains almost invariant in shape, but
is red-shifted when the index of refraction increases from 1.33 to 1.34. A closer look at the
spectral location of the minimum in reflectance (see figure shows how Ag reflectance
moves a little farther to longer wavelengths than Au and Al responses. From our results, we
conclude that an Ag film optimizes the device in terms of @) and spectral shift. Furthermore,
as long as the metal is not in direct contact with the analyte, biocompatibility issues of Ag are
overcome.

So far, we have optimized the proposed device by changing the geometric parameters of
the grating and the material of the metal layer. Now, we consider the buffer layer and how
its thickness (see tpy, in figure , and index of refraction, ngr,, allow the second round
of optimization. The buffer layer is responsible for guiding the diffracted light towards the
metal/dielectric interface (where SPRs are generated). Its index of refraction will affect the
effective index (effective dielectric permittivity, e.f) appearing in the wavevector matching
condition (equation ) The results of this optimization step are presented in figure m
where we again find an optimum configuration within a range of feasible values. Although the
starting point of the optimization was a GaP layer of thickness 100 nm (MF=108), we can see
that the merit function is higher (MF=135) when the index of refraction is close to 2, and the
thickness is around ¢y, = 215 nm. The inset in figure [£.20ja shows how the merit function
varies along the line where the maximum values are located. A material well positioned to play
as a buffer layer is SiN, [199]. Figure b shows the spectral reflectivity of the resonance
for GaP and SiN,. Also, the material almost complying with the desired value in the index of
refraction is SigNy (which is the same one used to build the grating nano-triangles). This is a
favorable situation from the fabrication point of view because it saves an additional material
process, and also eliminates the index step between the nano-triangles and the buffer layer.
The actual shape of the resonant minimum using SizNs is quite close to the one for SiN,

represented in figure [£.20b.

The excited SP extends from the metal/dielectric surface towards the analyte and its am-
plitude decays inside the dielectric medium in contact with the metal. The buffer layer is
made of GaP and it is 100 nm thick, which is thin enough since the SP amplitude usually ex-
tends several hundreds of nanometers before completely decaying within the dielectric medium.
Therefore, the electromagnetic field associated with the plasmon resonance interacts both with
the grating material and the analyte. Figure [{.:21] presents the evolution of the FE parameter
for both resonances at A\ = 1.337um (in black) and A = 1.4um. In the case of A\ = 1.4um
we have plotted the non-optimized case (in red) when the grating is made of GaP, and the
optimized one (in blue) corresponding with a grating and buffer layer made of SiN,. If we
check how the field evolves from the metal/dielectric interface (see insets in figure along
the dashed lines in the map, for the case of A = 1.4um, we identify two maxima (see red and
blue lines in figure[4.21)). One of the maxima is located at the metal/dielectric surface, and the
other is placed at the grating region. Again, the resonance at A = 1.4um is better suited for
its use in a sensor, because it interacts more intensely with the analyte medium at the grating

gap.

The field enhancement is as high as FE=108 for A = 1.4um, 4.7 times larger than for
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Figure 4.20: (a) Dependence of the merit function in terms of the characteristics of the buffer layer
(nBL, tpL). Although the index of refraction cannot be varied continuously, we may check that a higher
index of refraction means a lower thickness of the buffer layer. The red circles locate the non-optimum
(dashed) and optimum cases (solid). The inset shows the variation of the merit function (MF) along the
line of the maximum values. (b) Spectral response of the device for a non-optimum buffer layer made
of GaP (black) and the optimum case corresponding to buffer layer made of SiNx, having an index of
refraction close to 1.92 (red).

A = 1.337um at the analyte volume. Besides the field enhancement, the resonance extends
deeper in the analyte at A = 1.4um, as predicted by the value of heg calculated through an
effective index mixing model in subsection [£.5.2]
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Figure 4.21: Evolution of the z—component of the magnetic field, given as the ratio |H(y)/Hi|, as a
function of the distance from the metal/dielectric interface (y = Opm). Light is coming from the right.
The dashed black line corresponds to A = 1.337um, and the solid red line is for A = 1.4pm, both for a
non optimized GaP grating material. The blue solid line is also for A\ = 1.4um, when the material of the
grating and the buffer layer is the optimun one (SiN,). The optimization also requires a thicker buffer
layer of 200 nm, that is represented as a vertical gray solid line. This plot shows how resonances extend
differently within the analyte medium. The insets represent the maps of the modulus of the magnetic
field for the three cases. The dashed white lines in these maps locate the lines where the profiles are
plotted.

4.4.4 Analysis and characterization

All the previous changes and parameterizations are used to evaluate sensitivity and FOM
when these devices work as refractometric sensors. Therefore, to complete the evaluation of the
device we calculate the sensitivity and FOM for different analyte refractive index values, where
the device operates efficiently, which determines the device dynamic range. The geometric and
material parameters of this optimum design are presented in table [I.7] Figure [4.:22] represents
how sensitivity and FOM change with the index of refraction of the analyte, n,, within the
studied index range. Sensitivity, Sp , is steadily increasing with n, from 480 nm/RIU (at
ng = 1.3) till 975 nm/RIU at n, = 1.568. Also, FOM increases with n,, and shows a large
variation from 413 RIU™! (at n, = 1.30) until reaching a value of 12829 RIU~! (at n, = 1.568).

This change is caused by the abrupt narrowing of the spectral reflectance, which FWHM
is as small as 0.08 nm for the resonance observed at n, = 1.568. The calculation has stopped
at n, = 1.568 because we consider the associated FWHM narrow enough to require a high-
resolution spectrometer to operate the system. These values are very competitive with current
reported values of sensitivity and FOM for similar refractometric sensors, and show how the
proposed nanostructure helps to improve the performance. The insets in this figure represent
the lineshape of the resonance for n, = 1.33 at the left, and n, = 1.56 to the right. These
insets expand along the same wavelength interval of 6.5 nm, but the central wavelength of
the resonance changes (Ajes(ng = 1.33) = 1.4001pm, and Aes(ng = 1.56) = 1.5603um). At
this point, we guess that the thin dielectric buffer layer, isolating the metal from the analyte,
reduces the extent of the plasmonic resonance within the analyte volume. However, we have
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Figure 4.22: Sensitivity, and FOM for the optimized device at different values of analyte refractive
index, n,. The plot is divided into two portions. The left part describes the evolution from n, = 1.3
up to n, = 1.54, and the right portion is for a narrower range: n, € [1.55,1.568]. The insets show the
lineshape of the resonance for n, = 1.33 (left), and n, = 1.56 (right) and the values of their FWHM.
For better comparison, the plotted wavelength interval is the same (6.5 nm) for both insets.

Table 4.7: Geometrical parameters and materials for the optimum design at A = 1.4um.

Material Dimensions [nm]
SiOq (substrate) 00
Ag (metal) tm [200]

SiN, (buffer layer) tpr, [215]
SizNy4 (nanotriangle) GW [610], GH [1050], P [1000]
H50O (analyte) 00

checked that by removing this isolation layer, the performance of the system is not compromised
by this buffer layer because it increases the contrast of the index of refraction. Although
a configuration without a buffer layer behaves slightly better for a low index of refraction
analytes, the maximum sensitivity and FOM for the studied range of the index of refraction of
the analyte, ng, are worse (Sg \ = 867 nm/RIU, and FOM = 5385 RIU™!) than when including
an optimized buffer layer. Moreover, this layer preserves the analyte from its contamination
with the metallic layer, as Ag is highly keen on oxidation processes and hardly biocompatible.

4.5 Fano resonances in dielectric nanorectangular gratings

The excitation of SPR by a metallic grating provides high-performance devices with a
narrow spectral response. However, metallic gratings generate reflection and absorption losses,
besides the scattering. So, even if we could totally couple the incoming radiation to the device,
some of the optical energy will be absorbed in the grating structure. As a result, the field
concentration at the analyte volume is limited by the field that reaches the metal/analyte
interface. A proposal to overcome this limit and produce a high field concentration at the
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analyte volume is to excite the SPR using a high index lossless dielectric grating. This grating
can be embedded in a low index host to achieve the highest refractive index contrast possible.
The high refractive index contrast of the grating improves the amplitude of the SPR, and can

extend the dynamic range of the device (see sections 4.4). A systematic study for the
parameters of this design will give a close insight on these assumptions.

4.5.1 Model and physical mechanism

Fano resonances manifest when a discrete state interferes with a continuum of states [248].
In our case, the discrete state is given by the excitation of SPs, and the continuous contribu-
tion comes from the dispersive character of the subwavelength grating; which has a smoother
variation than the sharp spectral response of plasmon resonances. When different SPR modes
coexist for a given frequency w, the coupling between a narrow SPR mode with frequency
wo and the broad background spectra creates the simplest scenario for interference and Fano
resonances [305, [306]. For a narrow spectral range around the SPR, the slow-varying spectral
response of the continuous background, rpx(w), can be expanded as a Taylor series without a
significant loss in the accuracy. We can write rpx as a polynomial expansion in frequency, w,
centered around the SPR, wy:

rbk(w) = i Tbk,j (w — wo)j, (47)
j=0

where 7y ; represents the coefficients of the polynomial expansion. Our model considers a
Lorentzian shape for the plasmon response, and a linear variation for the continuous spectrum.
The linear response is valid as long as the spectral range is narrow enough compared with the
width of the SPR. Therefore, under the linear approach of the continuous spectral contribution,
the spectral reflectivity can be described as:

y

(w—wp)i+7 (4.8)

R(w) = [[rbko + bk, (w — wo)] + f
The term in square brackets is the first order polynomial approximation to the broad spectral
response of the system. This linearization works because the analyzed spectral range, Aw, is
quite narrow around the central frequency of the resonance (Aw ~ 0.03wp). The second term is
a Lorentzian shape centered at wg, with a width . Both responses are considered in amplitude
and are coupled through the complex coefficient f, which describes their interference. We can
interpret the coefficients of our model as: 7y, o describes the mean reflectivity for frequencies out
of the resonance, and ;1 is associated with the slope of this spectral reflectivity. The modulus
of f describes the interaction of the plasmon resonance with the broad spectral response. If
the plasmon resonance produces a dip in reflectance, the phase of f takes values around =
denoting a minus sign, 7. e., a decrease in reflectivity. More generally speaking, f is related
to the asymmetry of a Fano resonance profile. The plasmon resonance is then defined by its
central frequency, wp, and its width, . Finally, a combination of the two defines the quality
factor of the resonance:

Q = WO/’% (49)

that we use to optimize the analyzed structures.

4.5.2 Design

We analyze the Fano resonance in a structure with a 2D periodic dielectric grating embedded
in a dielectric layer [285]. In a practical realization, radiation can be delivered and extracted
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through a fiber probe (see figure ). Figure [4.23|b shows the material and geometric
arrangement of the device, with the substrate located on top to preserve a typical configuration
where the liquid analyte is at the bottom. The 2D arrangement is extruded along the third
dimension (Z axis). Light arrives under normal incidence conditions from the semi-infinite
substrate towards the nanostructure. Then, the reflected light is collected by the measurement
system, and we monitor the spectral reflectivity. A key point of this proposal is the high
contrast in the index of refraction achieved by the combination of two dielectric materials:
GaP (ngap > 3), and MgFy (nyger, < 1.38). This arrangement surpasses the limitations of
having metallic scatterers within a dielectric matrix [262].
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Figure 4.23: (a) Proposed sketch of our Fano-resonance sensor. The device can be attached to a fiber
optics probe in contact with the analyte. This portion is represented in more detail as a 3D view.
(b) Material arrangement, and geometry of the nanostructure of the sensor. Light comes from top to
bottom through the substrate (made of SiO3), and reaches the dielectric grating (composed of MgFs
and GaP), and the metallic thin layer (Ag). The SPR takes place at the metal/analyte interface. The
analyte is assumed to be liquid (H20) and it is located at the bottom of this sketch. Ag is selected as
the metallic material and it has been represented as a yellow layer. A 10 nm thick passivization layer of
MgF5 is added and represented as a thin line located between the metal and the analyte. The reflected
power is routed towards an optical spectrum analyzer.

The device can be built on a glass substrate (SiO2). The first structure is a 2D grating of
GaP rectangles with period P, width GW, and a thickness (height) GH. The grating relief
is overfilled with MgF9 by spin coating]239], with a thickness of GH+tpy,. This MgFs layer
generates a plane surface where we deposit an Ag thin layer of thickness t,,. Finally, the
structure is coated with an additional MgFy thin layer that passivizes the properties of Ag,
maintaining its good optical response and complying with bio-protection standards [307]. The
sample under analysis, the analyte, is in direct contact with this last surface. For biological
samples, we select water based solution as the medium in contact with the sensor itself. The
optical constants of the materials involved in this design are taken from recognized source
[128] [185), 300]. The actual structure is formed as shown in table

At this point, our results show a negligible dependence on the substrate characteristics;
allowing for flexible and plastic substrates without substantial performance degradation. We
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Table 4.8: Materials and layer structure of the modeled device

Layer Material Dimensions
Substrate Si09 00
Grating GaP height GH, width GW, and period P= 1000 nm
Buffer layer MgF, height GH+tpy,
Thin-film Ag tym =40 nm
Passivization layer MgF, tpr, = 10 nm
Analyte water based solution 00

can shift the spectral response of the system by varying P (here we take P = 1000 nm). We
analyze the structures with Comsol to extract information about the spectral reflectivity. Also,
we map the electromagnetic field generated by the structure to identify the locations where
the electric field is enhanced and where the system sustains plasmon resonances at the desired
interface for a large interaction volume (device/analyte). From a physical point of view, two
components combine to generate a Fano line-shape:

o the wide spectral response generated by the subwavelength dielectric grating

o the narrow SPR produced at the metal/dielectric interface.

This combination is responsible for the observed Fano resonances that disturb the SPR and
generates symmetric or asymmetric line-shapes depending on their mutual interaction (pa-
rameterized with f in equation (4.8))). The subwavelength grating is made of two dielectric
materials (GaP and MgFs) showing a high contrast in the index of refraction. Figures @,a
and [£.24]b show how the numerically evaluated reflectivity fits with the model (equation (4.8))
for two cases: (a) symmetric line-shape with an almost pure Lorentzian shape, and (b) asym-
metric. The fit provides the parameters of the model that quantifies the design. Among these
parameters, we chose wg and 7 to characterize the performance of the resonance for sensing
applications through the definition of the quality factor of the resonance, @ (see equation (4.9)).

As the geometrical parameters vary, the coupling between these two modes changes too,
resulting in symmetric (figure a) or asymmetric (figure[4.24}b) line-shapes. The symmetric
case (a) corresponds with an almost real value of f¢ = 0.795¢-99. The asymmetric case (b)
shows an almost imaginary value of f® = 0.156e0487. Both cases are well described through
the hybrid plasmonic-Fano resonance model in equation . Figure includes insets of
the maps of the magnetic field amplitude, H,, that shows the field enhancement located at
the region of interest, where the SPR is excited and propagates through the analyte within
a given interaction volume at the metal/analyte interface (actually, the analyte is in contact
with the MgFy buffer layer). From these figures, we define the field enhancement parameter,
FE, that describes the maximum field within the interaction volume for a given geometry of
the device. This volume comprises the region in the analyte where the plasmon resonance
propagates. Later on, in Section we present a quantitative parameter, d,, that can be
used to evaluate this volume. FE is the ratio between the maximum value of the field and the
amplitude of the incoming wavefront.
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Figure 4.24: Fitting of computed spectral response (red circles) to the Fano model (blue solid lines)
for two different cases showing a symmetric (a) and asymmetric (b) line-shapes. The vertical lines
correspond to the central frequency, vy = wp/27m, and the width given by /27 (expressed in THz)
obtained from the model (see equation ) The insets represent the near field distributions of the
magnetic field, H,, where we can extract the field enhancement parameter. The value of the quality
factor of the resonance, QQ = wp/7, is given for each plot. The fitting coefficients (see equation ) for
each spectra are: v = 223.30 THz , v* = 0.09 THz , 15y o = 0.94, 7pk,1 = 0.7 % 1075, f¢ = 0.795¢0-997
and v§ = 223.32 THz, 7v* = 0.10 THz, r}) o = 0.81, roi; = 1.2 X 1073, f* = 0.156¢°4%7, where the
superscript denotes the plotted spectra (a or b).

4.5.3 Optimization

We optimize the performance of the device as a plasmonic sensor by combining two param-
eters that describe both the sharpness of the resonance, and the amount of light that interacts
with the analyte. These two parameters are the quality factor of the resonance, @ (see equation
([4.9)), calculated from the fitting of the spectral results with the model (see equation (4.8)),
and the field enhancement values, FE, obtained at the region of interaction.

The two parameters (), and FE, are both included in a Merit Function of the form:

Merit Function = /@ x FE. (4.10)

We choose the merit function in equation after evaluating other combinations of these two
parameters, including the arithmetic-mean, and the root-mean-squared. All of them produced
the same output for the geometric parameters (GW and GH) of the structure where the
Merit Function is maximized. We present the results of the optimization process for different
parameters in figure [£.25]

The maps in figures [1.25]a,b represent the values of the quality factor, @, and the field
enhancement parameter, FE, in terms of two geometric parameters of the dielectric grating:
GW, and GH. We choose first these parameters as optimization variables because they are
the main players in the process, as shown in previous results [262, 287]. This is why the rest
of the parameters, including the grating period p, are kept constant. Figure [4.25[¢ contains
the Merit Function map that identifies a region of values that combines a high value of ) and
FE. Our evaluation provides a value of GW= 500 nm, and GH= 475 nm (presented in figure
c as a red circle). This optimization ignores the symmetry of the resonance, as far as
both (symmetric and asymmetric) line-shapes are well described through the plasmonic-Fano
resonance (equation ) However, as shown in the following optimization step, the optimum
spectral reflectivity is a symmetric mode.
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Figure 4.25: Maps of the quality factor (a), @, the field enhancement parameter (b), FE, and the Merit
Function (c) defined in equation , as a function of the geometrical parameters GW and GH. These
maps are used to select the values for an optimum performance of the system. The red circle in the
Merit Function map corresponds with its maximum value obtained at GH= 475 nm, and GW= 500
nm.

4.5.4 Device analysis

Once the shape of the grating is fixed, we analyze other geometrical parameters. The
thickness of the metallic layer, ¢,,, affects the SP generated at the metal/dielectric interface
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and its longitudinal range. Through further optimization, we find a value of t,, = 50 nm. This
evaluation is represented in figure [£.26]a where the spectral shape allows choosing t,, = 50 nm
as the one showing the smallest line-width in reflectance, and larger field enhancement. The
map of the magnetic field is plotted in figure b,c for two cases (t,, = 20 nm, and ¢, = 50
nm). We see that the field is stronger for ¢,, = 50 nm, that is the thickness chosen for the
metallic layer. As far as the input wavefront has an amplitude of 1 A/m, the plotted amplitude
of the magnetic field is also FE. We also analyzed the period of the grating, P, and its effect
is shown in figure [£.26]d. The spectral reflectivity shifts towards longer wavelengths when the
period increases. Also, through another analysis to optimize the thickness of the MgFs, tgr,, we
found a small performance change for values between 10 and 100 nm. We found that tgr, = 50
nm produces a minimum width (minimum FWHM), and a maximum FE (see figure e).
Also, we set the passivization layer at tpr, = 10 nm (minimum fabricable thickness) to allow
the best plasmon propagation possible.
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Figure 4.26: (a) Spectral reflectivity for several values of the metal layer thickness, t,,. (b) and (c)
Near field amplitude maps showing the field enhancement for two values of t¢,,, = 20 nm, and t,, = 50
nm, where the last value clearly provides a larger amplitude within the interaction volume. (d) Spectral
reflectivity for three values of the period of the grating, P. (e) Variation of the field enhancement
parameter (FE), and the FWHM of the resonance as a function of the thickness of the buffer layer, ¢p,

A previous proposal (the metallic slits in section optimized the material setup of a
subwavelength metallic grating to maximize the amount of energy transferred to the metal
surface for SPR generation [262]. In the design presented here, a subwavelength dielectric
grating, involving a nanostructure with a high-contrast of the index of refraction, scatters
radiation and reveals very narrow widths of Fano-type resonances, and optimum coupling to the
metallic/analyte interface. This provides a higher scattering efficiency (see figure . Both
metallic and dielectric gratings create a continuum diffraction pattern (described in the first
term of equation ) Unfortunately, metallic gratings support modes where the incoming
wave is absorbed (through SPR on the grating surface itself), scattered, or reflected. The
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dielectric GaP grating is transparent at the operating wavelengths. Moreover, it only generates
guiding modes at its surface, and avoids the excitation of additional SPRs. To understand the
advantages of our GaP structure with respect to a metallic subwavelength element, we compare
the enhancement of the spectral characteristics of both gratings.

Figure [4.27) represents the scattering cross-section of these subwavelength gratings, and
shows that for dielectric materials the scattering cross-section at the resonant wavelength is
3 times larger. Therefore, more radiation is scattered towards the metal/dielectric interface
where the SPR is generated. In contrast, the metal grating absorbs radiation and redirects
part of it towards modes appearing at the unavailable inner metal/dielectric interface [262]. In
both cases, the geometries were optimized for optimum performance. The interaction volume
describes the portion in the analyte that is exposed to a large value of the electromagnetic field
due to the generation and propagation of the plasmon resonance. The size of the interaction
volume determines the part of the analyte which can be sensed using the device, and hence
the efficiency of the device to sense different amounts of the analyte. This interaction volume
increases with an optimized geometry that gives a large value of FE.
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Figure 4.27: Scattering cross section, o, for the proposed geometry with GaP grating (red solid line)
and Au grating (black solid line) [262]. Ag is used at the metal/analyte interface.

In figure [£.28}a we compare the amplitude of the magnetic field, H,, within the analyte
for three cases: our design, Kretschmann configuration, and metallic subwavelength grating
structure. All these three designs were optimized for later comparison. The parameters of our
design have been obtained through the method presented in section [£.5.3] the Kretschmann
configuration corresponds with an optimum choice of materials and angle of incidence (as
described in the introduction section), and the metallic subwavelength grating was derived from
section We fit the amplitude dependence with distance to an exponential decay function
in equation . The enhancement factor amplitude of the maximum field is calculated using
equation as X277, x183, and x116 for our structure , the Kretschmann setup, and metallic
grating case, respectively. These numbers are derived after fitting of the amplitude evolution
presented in figure a with the model in equation . As far as the input amplitude
is normalized at 1 A/m, H,( represents the field enhancement. Figure b represents the
magnetic field for the three cases. This translates in a x1.5 larger field with our system
compared with the Kretschmann configuration, and more than double respect to he metallic
grating case. Furthermore, the decay lengths, d,, are 1162 nm, 1013 nm, and 1085 nm for our
structure, the Kretschmann setup, and the metallic grating case, respectively. Therefore, our
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design generates a larger volume of interaction, and has a potentially lower limit of detection.
These results surpass those obtained for metallic grating structures, and also significatively
better than classical Kretschmann configuration.
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Figure 4.28: (a) Evolution of the near field in the region of interest for three different geometries.
GaP/Ag denotes the design presented in this section. SiO5/Ag corresponds to the classical Kretschmann
configuration. Au/Ag shows the response for a subwavelength metallic grating for the design in section
(b) Magnetic field amplitude distributions for the three cases.

4.5.5 Characterization of the hybrid plasmonic-Fano resonance sensor

Until now, high-sensitivity plasmonic sensors operating under normal incidence and based
on spectral measurements show important limitations in detection range and linearity [811 [82]
262, 274 287]. These limitations are related to the presence of unprofitable modes where the
field enhancement delocalized from the metal/analyte interface [262]. Our device is linear in
a wide range of index of refraction of the analyte, n € [1.3,2], thanks to the high coupling
efficiency of the dielectric subwavelength grating, which forwards the radiation into the inter-
action interface. Figure [£.29)a shows the linear dependence of the SPR wavelength with the
index of refraction of the analyte, n,. This linear behavior is linked with the smooth depen-
dence of n, which does not present absorption peaks along with the analyzed wavelength range.
This broadband feature permits multifunctional operation in biological applications in water,
glucose, urea, etc, [308]. To validate our proposal, we evaluate sensitivity, Sg , and FOM. For
a system that performs with a maximized Merit Function (see equation in subsection
4.5.3]), we evaluate the shape and characteristics of the spectral resonance line-shapes through
the width of the Lorentzian term, ~y, of the Fano resonance (see equation (4.8))), and identify
it with the FWMH appearing in equation . To do so, we fit the numerically evaluated
spectral response with the analytical model presented in sectionm (see equation ) This
eliminates any ambiguity due to asymmetric profiles, and makes the procedure more robust.
From the FWHM, we obtain the values of sensitivity and FOM for the optimized device (see
figure b). The maximum sensitivity is Sp x ~ 1000 nm/RIU, and the maximum FOM
is ~ 775 RIU™!. These values are higher than recently reported values for similar sensors
[281, 309, 310, B11, B12l B13], 314, B15]. Fiber optics based sensors exhibit higher sensitivity
than our proposal, but present a lower FOM [316], [317]. In figure b the Sp ) drops from
1000 at n, = 1.33, to 980.5 nm/RIU at n, = 2, which indicates a stability in the Sp ) in the
whole range. The FOM has a minimum value of 667 RIU™! at n, = 1.725. These figures
are competitive for our design because it extends the range of operation to a higher index of
refraction if compared to recent advances in the field (see Table .
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Figure 4.29: (a) Dependence of the central frequency of the resonance as a function of the index of
refraction of the analyte. The red line corresponds with the linear fitting of the numerical results. (b)
Sensitivity, Sp ., and FOM as a function of the index of refraction of the analyte, n,. (c) Detailed
portion of (b) showing a range in the refractive index that maintains an almost constant behavior of

the device.

Sensitivity and FOM are almost constant in the range n, € [1.3,1.5], as shown in figure
429 c. A constant trend indicates high stability and reliability in the measurements, resulting
in a more robust device. Experimentally [318], scientists achieve a FOM of 730 RIU ™! that leads
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Table 4.9: Comparison of sensor performance versus the results obtained in this work. All the sensors
are spectrally interrogated.

Ref SB.A FOM [1/RIU] Dynamic Range
[255] 370 [nm/RIU] 2846 1.333-1.334
[256] 1.1 x10° [1/m]  2.33 x 104 1.00-1.04
[257] 425 [nm/RIU] 47-7.1 1.33-1.50
[258] 452 [nm/RIU| 56.5 1.0-1.2
259] 67 [nm/RIUJ — 1.332-1.344
[260] 586 [nm/RIU] 62 1.00-1.05
[261] 900 [nm/RIU] — 1.33-1.36
this work 1000 [nm/RIU] 775 1.33-2.00

to the detection of ultra-low concentrations of 1071M. Table summarizes the performance
of several sensors with different methods involving Fano resonances. As we mention in section
high sensitivity and FOM over a wide range of refractive index are key for multifunctional
and efficient sensors. However, in most cases, enhancing one of these parameters diminishes the
others. Sometimes, the good performance of a given sensor is strongly degraded when moving
away from the optimum point of operation of the value of the analyte refractive index [256].
Our device performs better in sensitivity, FOM, and dynamic range (in terms of variation of
the index of refraction of the analyte).
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Hybrid technology devices

Chapter 3 analyzed several options to improve the performance of solar cells of various tech-
nologies. These options included the use of nanophotonic structures. In chapter 4 we proposed
several designs to improve the performance of optical sensors based on spectral interrogation.
The operation of these devices depends on the optical signal handling (illumination and de-
tection). As an improvement, the excitation of SPRs in normal incidence conditions is key to
simplify this optical scheme, ease the illumination and acquisition signal system, allowing a
lower cost solution [80, 8], 82, 274]. In this chapter we will merge together some concepts of
chapters 3 and 4 to generate hybrid devices with novel capabilities.

What if the front surface of a solar cell were functionalized to work as an optical sensor? This
question was asked and answered a long time ago in previously published results. The answer
includes materials and sensitized coatings to selectively detect some specimens and substances
using solar cells. The published results report applications for optical sensing[319], gas sensing
[320] B321], refractive index sensing [322], [323], [324], chemical sensing [325], and multi-functional
sensors [326]. The advantage is clear: the signal is directly generated by the solar cell and,
ideally, there is no need for sophisticated and voluminous read-out elements (goniometers and
spectrometer for angular and spectral interrogation techniques)[287, 327, [328].

So, the next simplification derives from the replacement of the spectral interrogation pro-
cedures, which requires high resolution spectrometers. The idea is to use the electric response
of solar cells or the bolometric effect, as the base to generate an optoelectronic interrogation
of the device. The available low-cost technology used in electrical measurement can greatly
simplify the sensing system [322]. This method ensures high measurement reliability and re-
duces the cost of the whole system. As an additional desirable characteristic is to have low-cost
flexible devices that can be obtained with plastic substrates and thin-film technology. Such a
sensor generates electrical currents upon light exposure, being the extracted signal sensitive to
environmental changes.

Although a solar cell exemplifies this situation, its planar front interface is not selective
enough in wavelength, and its sensitivity to small changes in the index of refraction of the
exposed medium is not relevant. Therefore, to sensitize a solar cell, it is customary to modify
its design and provide the required capabilities. Also, plasmonic absorption in metal surfaces,
that is transferred to heat through the bolometric effect needs to be high enough for generating
a reliable electrical signal from the device.

A perovskite solar cell has a high absorption coefficient, and the photo-generated charge
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carriers present a large diffusion length compared to most of the thin-film solar cell mate-
rials [329]. Moreover, we are witnessing progress in efficiency [330} 331] and stability [332]
of perovskite solar cells that is boosting the scientific interest. Perovskite solar cells are not
as stable and robust as those based on silicon since this is not a mature solution yet, but
a developing technology. However, due to the extraordinary properties of this material, and
considering the fast increase of the solar cell’s efficiency and stability, they are considered by
the photovoltaic community as one of the possible substitutes of silicon. Therefore, we think
it is worth exploring other applications of this promising technology, such as communication
and sensing.

The implementation of metallic or dielectric nanostructures in the top of perovskite solar
cell, can make the device spectrally selective and more sensible to environmental changes. Also,
the excitation of SPR in a thin metal layer using diffraction from a dielectric grating embedded
in a low index matrix can improve the light coupling to the plasmonic resonance mode and
hence the absorption in the metal layer. In both cases, the response of each device should
benefit from this combination to provide better performance for sensing applications.

5.1 Bolometric refractometric sensor

The bolometric effect allows us to electrically monitor spectral characteristics of plasmonic
sensors; it provides a lower cost and simpler sample characterization compared with an-
gular and spectral signal retrieval techniques. In our proposal here, a monochromatic light
source illuminates a spectrally selective plasmonic nanostructure. This arrangement is formed
by a dielectric low-order diffraction grating that combines two materials with a high-contrast
in the index of refraction. Light interacts with this structure and reaches a thin metallic layer,
that is also exposed to the analyte. The narrow absorption generated by SPRs hybridized
with low-order grating modes heats the metal layer where plasmons are excited. The tem-
perature change caused by this absorption modifies the resistance of a metallic layer through
the bolometric effect. Therefore, a refractometric change in the analyte varies the electric resis-
tivity under resonant excitation. We monitor the change in resistance by an external electric
circuit. This optoelectronic feature must be included in the definition of the sensitivity and
FOM parameters.

5.1.1 Design and optimization

We model and simulate an alternative measurement technique that exploits the bolometric
effect [333], which is triggered by the absorption of electromagnetic radiation [334] [335]. This
way, we avoid costly spectral measurement systems because the output signal is electrical
by definition [336]. This effect is also responsible for the variation in resistivity caused by a
change in temperature. This mechanism has been widely used in antenna-coupled detectors
in the IR [334, [335), 337, [33§]. In a nutshell, our device works under normal incidence conditions
and a spectrometer is unnecessary because we measure an electrical signal directly related
to the sensed property. A monochromatic laser source eases integration with off-the-shelf
driving and signal acquisition electronics, both for illumination and signal retrieval. Our sensor
is based on a dielectric grating that couples radiations into a dielectric/metal interface where
the SPR is excited. The shape of the resonance is described best as a hybrid-Fano resonance
between the pure SPR and a wider response generated by the grating [285]. The resonance
strongly depends on the index of refraction of the analyte, which is in contact with the metal
layer. At the resonant wavelength, the metal absorbs most of the incident radiation and works
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almost like a perfect absorber. This absorption increases the temperature in the metal layer,
that consequently changes its electric resistance through the bolometric effect. This mechanism
is parameterized by the Temperature Coefficient of Resistance (TCR) of the material. This
optically induced variation in resistance can be measured as a voltage change by an external
circuit biased with a voltage or current source (see figure [5.1}a).

To simulate the device we have used a multiphysics package, Comsol Multiphysics, that
evaluates the interaction between electromagnetic and thermal domains.
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Figure 5.1: (a) Schematic representation of the physical phenomena (optical, thermal, and electronic
responses) present in the proposed device. At the resonant wavelength, the excited plasmons (optical
response) enhance absorption within the metal which increases its temperature (thermal response). This
temperature increase also changes the electric resistivity of the metal layer, through the bolometric effect,
which is read by an external circuit (electric response). (b) Geometric and material arrangement of our
structure. The dimensions and the optical and thermal constants are provided in Table [5.1]

The proposed device is built on a SiOs substrate as a rectangular extruded GaP grating
of period P, and with a rectangular profile (GW is the width and GH is the height). This
nanostructure is overfilled with MgFq for a total thickness of ¢, (being t, > GH). From
a fabrication point of view, the MgFs layer can be spin coated to generate a flat surface.
On top of this layer, we find an Au coating of thickness t,, to generate the SPRs. As long
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as the metal is connected to an external circuit, a thin isolation layer of SiOg (t,p in thickness)
must be placed between the metal and the analyte to maintain reliable electric connections.
The arrangement of these layers and structures is shown in figure [5.1lb. The dimensions
of the layers and the structure, along with the optical and thermal constants of the material
used in the design are presented in Table The analyte is considered as an aqueous medium
having a purely real index of refraction, n, = 1.333.

Physically, Fano resonances appear when a discrete and narrow spectral resonance interferes
coherently with a broadband background. In our case, the narrow peak is caused by an SPR
appearing at the metal/dielectric interface; and the broadband spectral background (compared
with the very narrow SPR), is produced by the radiation scattered from the grating structure,
that is illuminated by the same source [285]. The total absorption spectrum of the structure
is linked with the SPR, which complies with the wave vector matching condition defined in
equation [299, [339]. Our goal is to increase as much as possible the temperature of the
Au layer. To do so, we must enhance absorption at the metal layer which, in combination with
the nanostructure, we consider as an almost-perfect absorber figure [5.2la shows the spectral
absorption of an optimized structure (see parameters in Table with an absorption maximum
of 0.999 at A\jes = 1.351 pm. The resonant wavelength can be tuned by adjusting the periodicity
P in equation (2.21)). The magnetic field maps of the device for several wavelengths are shown
in figure b. As far as the amplitude of the incoming wavefront is Hy = 1 A/m, these
maps can be interpreted as field enhancement, FE maps (FE(z,y, 2) = |H(z,y, 2)|/Ho). We
have also represented the magnetic field enhancement when the system is detuned from the
resonance at both sides of the resonance (A = 1.3 pym and A = 1.4 pum) [285].

Table 5.1: Dimensional and material constants of the device. The optical constants are given
at A\g = 1.35 pm.

Material Dimensions [nm] n k [W/mK]
SiOg (substrate) tsub [00] 1.447 1.3
GaP (grating) GW [350], GH [550], P [1000] 3.14 110
MgF, t, = GH + 50 [600] 1.372 27
Au t [35] 0.411+i9.185 310
Si0s tup [10] 1.447 1.3
Aqueous solution (analyte) to [00] 1.33

The results show how the magnetic field enhancement is significant in a large volume of the
analyte near the nanostructure for the resonant wavelength. This also improves the sensitivity
of the device for variations in the index of refraction of the analyte.

The physical linked mechanisms can be described as follows. The relative change in elec-
tric resistivity of materials is linearly proportional to the change in temperature through the
bolometric constant (temperature coefficient of resistance (TCR) «), as:

A}f = aAT. (5.1)

The value of the TCR for Au is a = 0.0036 K~! . The temperature variation, AT, is also
proportional to the absorbed power, and this absorbed power can be calculated as:

V- (kVT) = Qn, (5.2)
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Figure 5.2: (a) Spectral absorption of the structure showing the resonance peak at A = 1.351um. (b)
Magnetic field enhancement maps for several wavelengths (A = [1.3,1.351, 1.4] pm).
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where k; is thermal conductivity, and )y is the heat power density which is related to the spa-
tial distribution of the electromagnetic power absorbed by the metal layer. Therefore, equa-
tion links the electromagnetic and thermal domains, and equation translates the ther-
mal results into electric properties.

5.1.2 Sensing by electrical interrogation using bolometric effect

We consider an optical irradiance of 100 W/cm? and an initial temperature of 293.15 K.
Although this value of irradiance is high, it is achievable using regular laser diodes. Moreover,
the footprint of the device is very small, so a narrower beam can be adapted to shine on the
active area of the sensor, increasing the irradiance.

In this case figure[5.3]a shows the maximum temperature in terms of the wavelength of the il-
lumination source. As expected from our design, the maximum response appears at Ayes = 1.351
pm. For this case, the temperature reaches a maximum of 294.9 K. Figure [5.3]b represents
the temperature maps at 1.351 ym and 1.4 pum wavelengths, resonant, and non-resonant, re-
spectively. To isolate the environmental changes in temperature from those caused by a change
in the refractive index, we can use a Wheatstone bridge where our sensor is combined with a
dummy element that responds to the environmental temperature but it is not exposed to
the analyte. This solution has been previously used with bolometric antenna-coupled detec-

tors [340].

To read out the device’s response, the metal layer is connected to an external electric cir-
cuit (e.g., a voltage divider). The output from the bolometric element—the Au layer—also
depends on the value of the resistance of the thin metal layer, Ry. This value depends on
the geometry as Ry = poL/(t,, X w), where pg is the resistivity of the metal at room tem-
perature, L is the length, and the denominator contains the transversal section as the prod-
uct of the thickness, ¢,,, and the transversal width, w. For generality, we may approximate
this value as Ry = 10 €. The proposed device uses a 35 nm thick layer of Au with resistivity
pAn = 2.2 x 1078 Q.m [341]. As an example, an element with width w = 10 ym, and length
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Figure 5.3: (a) Maximum temperature reached at the structure in terms of the wavelength. (b) Tem-
perature distribution within the structure for the resonant (A = 1.351 pm) and non-resonant (A = 1.400
um) wavelengths.

L =160 pm, generates a resistance of Ry = 10.05 ). Therefore, we can see that the proposed
element is small enough to allow a very compact design of the sensor, which is desirable to
measure tiny volumes of analyte, like human tear samples. In these conditions, the spectral
variation of resistance also shows the peak at the resonant frequency (see figure [5.4}a). There-
fore, by considering the physical mechanisms involved in the sensor, we obtain an electric
signal related to the variation in the index of refraction of the analyte. As an example, we
have calculated the spectral variation in resistance, AR()), for two values of the index of re-
fraction of the analyte, n,1 = 1.33, and n,2 = 1.34. We show how the resonant peaks move
from Ay = 1.351 pm to Ay = 1.361 um, respectively. Figure [5.4[b shows the change in resis-
tance for a fixed value of the optical excitation at A = 1.351 pum; while the index of refraction
of the analyte varies from 1.33 to 1.34. The response is symmetric when moving towards a lower
index of refraction. For a practical operation of the device, as a bolometric system, it requires
a connection to an external biasing source. Depending on the biasing strategy (voltage bias or
current bias), the voltage change, AV, due to a change in resistance, AR, is given as:

Rext
AVout Viioe = Vbias——— 5 AR, 5.3
t,Vbias b (R() + Rext)2 ( )

for a voltage bias, Viias, that sources a voltage divider with an external resistance Rext, and
AVvout,lbias = IbiasARa (54)

for a current bias Ipj.s. In both cases, the signal AVy, is proportional to AR. The plots
in figure 5.4/ represent the dependence of AV, with respect to the wavelength (see figure a),
and with respect to the index of refraction (figure b). This dependence allows to define
the sensitivity, Sp, and FOM of this sensor [342] [343]:

0

- ong

Sp (AR), (5.5)
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Figure 5.4: (a) Variation of the resistance of the structure as a function of wavelength. (b) Variation
of the resistance with the index of refraction of the analyte when the structure is illuminated on resonance
(A = 1.351 pm). The linear fitting in the interval n, € [1.331,1.336] defines a value of sensitivity,
Sp = 1045 Q/RIU. (c) Variation of the sensitivity, Sp, as a function of the index of refraction
of the analyte, n,. (d) Dependence of the FOM in terms of n,. The open circles in (b-d) denote
the evaluated values, and the solid lines represent an interpolation of these dependences. The vertical
dotted lines in (b-d) show the range in the index of refraction, n,, where the system is linear.

These expressions have been adapted from previously reported contributions where the change
in the refractive index is measured by other parameters than the wavelength (spectral in-
terrogation) or angle (angular interrogation) [75), 344, 345, [346]. For comparison, we model
a Kretschmann’s design that uses a glass prism of refractive index 1.447 working at A = 1.351
nm with a metallic Au layer 35 nm thick. This system provides an angular shift of 0.6°: when
the refractive index of the analyte changes from 1.331 to 1.336. In reflectance, the FWHM
of the spectral lineshape is 0.68 nm. This results in a sensitivity of Sp = 120 deg/RIU
and a FOM=176 RIU™!. When necessary, full optimized results of angular interrogated de-
vices are reported by Huang et al. [237] figures c,d show the sensitivity and FOM defined
in equations and . We can see how Sp reaches a maximum value of Spmax = 12.4
Q/RIU at n, = 1.3335, and FOM,,ox = 398.2 at n, = 1.336. So, this would be best for aqueous
samples. All these values are competitive with recently reported devices [336], plus, it is based
in a simpler physical mechanism [347]. Also, from figure b we can make a linear fit of AR
within a given range in the index of refraction. This fit reveals an almost linear dependence
when n, € [1.331,1.336] and sensitivity Sp = 10.45 Q/RIU. This range in the index of refrac-
tion of the analyte (marked between vertical dotted lines in figures [5.4la,c) corresponds with a
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variation around n, = 1.333, which is the index of refraction of water in the VIS. This in-
dex slightly decreases when moving towards longer wavelengths. Therefore, this system seems
appropriate to monitor the parameters of substances in aqueous media. If necessary, the de-
sign can be tuned to perform at other ranges in the index of refraction by slightly modifying
the geometry of the arrangement, for example, by changing the periodicity of the subwave-
length grating, P [262]. A potential application of this design is the sensing of a human tear
with a refractive index ngear = 1.336 £0.001 at A = 589 nm [348|, 349], or the salinity of water
with an index of refraction ranging from 1.33 till 1.35 [350} 351].

5.2 Nanostructured electrode for solar cell based sensors

A typical perovskite solar cell arrangement has a structure as listed in table from
bottom to top [352], B53](the squared brackets embrace the dimensions of the layers). This
device is illuminated from the substrate side with normal incident orientation. The layout of
this structure is presented in figure [5.5la. We modify this structure for sensing application

Table 5.2: Materials and typical layer structure of a perovskite solar cell.

Layer Material thicknesses [nm]
Back contact Au 200
Hole transport layer Spiro-OMeTAD 160
Active layer perovskite 300
Electron transport layer TiOq 30
Transparent top contact ITO 70
Substrate Si0s o0

as follows [354]: (i) the SiO2 substrate moves to the other side, adjacent to the Au layer; (ii)
the ITO layer is replaced with a 50 nm-thick Ag (Ag) layer (this thickness is optimized for
better performance); and (iii) we add an extruded dielectric grating with a triangular profile
on top of the Ag layer. This nanostructured relief is responsible for the spectral selectivity of
the device. The parameters of this nanostructure are its period, P, and the width and height
of the triangular shape, GW, and GH, respectively. They will be optimized to maximize
the absorption at the active layer maintaining a narrow spectral response for better sensing
performance.

The triangular nanostructure is made of SigsN4 to have a favorable contrast in the index
of refraction of the medium under test (in this case, the sensed material is air). Therefore,
the modified structure is (from bottom to top): SiOy substrate/Au [200 nm]/Spiro-OMeTAD
[160 nm|/MAPbDI3 perovskite [300 nm|/TiO2 [30 nm]/Ag [50 nm|/SigNy [P, GW, GH]/air
(see figure [5.5]b). The insets in figure represent the mechanism at play in both designs.
In the standard arrangement, I'TO works as an antireflection coating and as an electrode to
extract the photo-generated current from the device. The Ag layer in the modified design
works as a reflector and rejects most of the incoming radiation except those wavelengths where
the nanostructure generates an SPR [355], [356]. These resonances result in strong absorption
peaks at the active layer of the cell. Moreover, this absorption is very sensitive to refractive
index changes of the medium on top of the grating, . e., air.

A transverse magnetic polarized light (TM) was set for the incident field with an amplitude
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(a)

ITO 70 nm

Figure 5.5: (a) Standard perovskite material arrangement. (b) Modified design for sensing applications,
where the top ITO contact is replaced with an Ag layer and a dielectric grating with triangular shape
with the top medium above the cell with refractive index n,. In both cases, light is coming from top
oscillating in Z direction and propagating in —Y direction, the 2D cross section of the structure is
contained in the XY plane, as seen the the coordinate inset in the top middle. The insets in dashed
rectangles show the mechanisms at play in this structures.

of 1 A/m, oriented along the Z axis. Then, we evaluate the field distribution, and the reflection
and absorption losses within different layers at the cell.

5.2.1 Optical response

To begin with, we compare the spectral responses of the standard and modified designs.
This evaluation shows how the standard perovskite solar cell is well suited for energy harvesting,
meanwhile, the modified design shows spectral features applicable to sensing. The modified
design needs further optimization to maximize the coupling of the incident radiation to the
SPR, and the availability of this resonance to generate photo-currents at the active layer. As far
as the SPR is affected by a change in the refractive index, the absorption at the active layer
will also reflect those changes.

From figure [5.6]a, we can see how a perovskite solar cell with ITO contacts shows high
optical absorption at the active layer (red dashed line) within most of the VIS spectrum.
The losses are mainly due to reflection and parasitic absorption in different layers. As an
example, the absorption of the ITO electrode is represented as a green solid line. This figure also
compares the behavior of the standard structure when the transparent electrode is replaced by a
Ag one (50 nm-thick) that reflects most of the incoming light, and accounts for some absorption
mainly at lower wavelengths in the range 300-400 nm (see blue solid line in figure a).

Accordingly, the absorption at the perovskite layer drops, precluding the use of the cell as an
energy harvesting device (see black solid line in figure [5.6}a). The reflectance of the structure
for the standard design is represented in figure 5.6b as a red dashed curve. We have also
plotted the reflectance of the cell when the ITO electrode is replaced with an Ag layer (50 nm-
thick) on top of the TiO, layer, Again, we can see how this metallic layer strongly disturbs the
performance of the structure as an energy harvesting device. The previous spectral behavior
changes when including the effect of the dielectric grating. We have selected a spectral region
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where the perovskite cell absorbs the most (A = 610 nm). Now, we add a SizN, pyramidal
grating with geometrical parameters: P = 600 nm, GW = 350 nm, and GH = 1050 nm.
The results for the absorption and reflectance are plotted in figure [5.6fc for A = 610 nm.
The reflectance reaches an almost null value within this range (black solid line), which means
a high absorption at the Ag and active layers (see red and blue solid lines). These results are
confirmed when evaluating the magnetic field distribution (see figure d).
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Figure 5.6: (a) Optical absorption in the active layer and top contact for the planer perovskite solar
cells. (b) Spectral reflection for this two planer cases without grating. (c) The absorption in perovskite
layer (red line), absorption in Ag top contact (blue line) and the total reflectance of the whole device
(black line) for the proposed design with Ag/grating layer. (d) Magnetic field maps for the device with
ITO (left), Ag only (middle), and Ag+grating (right) at the resonance wavelength A = 610 nm, showing
how light reaches the active layer only in the case of ITO and Ag+grating. The case with Ag only does
not transmit light to the active layer significantly.

These three maps (see figure d) produced using a TM normal incident of a plane wave.
The input wave is magnetic field oscillates parallel to the grating, with an amplitude of 1
A/m, and wavelength of A = 610 nm. In figure d, the map at the left is for the standard
perovskite cell, the map at the middle is for the same cell where ITO is replaced with Ag, and
the one to the right corresponds with the case of the Ag layer plus the dielectric grating. It is
worth noting how the field reaches the perovskite layer as hot spots (for the Ag plus grating
case) instead of a plane wave distribution (when using plane-parallel thin layers).

To improve the capabilities of this device as a refractometric sensor for gases, we perform
an optimization of the geometry of the device. This optimization relies on the maximization
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of the absorption at the active layers of the modified structure and combines a good coupling
to the SPR with the device output. Therefore, the merit function is defined as:

MF = Aactive layer- (57)

At the same time, when maximizing the absorption at the perovskite layer, the lineshape
becomes narrower, which is good to increase both sensitivity and the FOM of the device taken
as a sensor. This optimization is made by changing the profile of the triangular dielectric
grating using parameters GW and GH for a fixed period P = 600 nm. We will also fix the
wavelength of interest at A = 610 nm. The parameter P is left for additional tuneability of the
device. After obtaining the optimum profile parameters of the grating, we will make refinement
of the design in terms of the thickness of the Ag layer.

5.2.2 Optimization

The merit function map in terms of the geometrical parameters of the grating (GW and
GH) is presented in figure a. It shows regions where the absorption is high in the perovskite
layer. If we plot reflectance, we obtain a similar map with the same regions showing minimum
reflectivity. The black circle in figure [5.7}a locates the highest absorption for the selected
wavelength. The value of the absorption at this maximum point is 57% at the active layer.
This high value is due to SPR excited by the dielectric nanostructure in the top metallic
thin-film. Actually, this result contrast with the 4% in absorption when only an Ag layer
replaces the ITO electrode (without dielectric grating). The geometrical parameters for this
maximum in the merit function are: GW = 215 nm and GH = 1560 nm. The tolerance that
maintains almost the same values is + 25 nm which could be achieved easily using the available
lithographic techniques.

The absorption in the Ag and perovskite layers, and the total reflectance are shown in
figure 5.7 b for the optimized geometry. To better understand the effect of the optimization,
we have also plotted the absorption at the perovskite layer for the non-optimized values (see
dotted line) used in figure C. Although the intensity has not increased significantly, we can
see how the lineshape is much narrower in the optimized case. This will be of importance when
evaluating the system as a refractometric sensor.

It is important to check the capability to tune the response at different wavelengths to
adjust the device using available commercial light sources or to detect at a specific detection
band. We fix all the parameters except the period of the grating P, and we only change the
grating period. As expected, figure [5.8la shows a blue shifting when reducing P, and a red-
shifting when increasing it. As far as perovskite solar cells have a wide absorption band that
covers the VIS-NIR (typically from 300 nm to 800 nm), we can use the period P to tune the
response to any desired wavelength in this band.

The metal thickness, tag, is an important parameter of the device. Figure b shows
the absorption within the perovskite layer. We can see how the top contact becomes almost
transparent when the Ag layer is 10 or 20 nm thick. In these conditions, the SPR does not
reveal itself in the lineshape. This happens with thicker Ag layers.

The peak in absorption becomes spectrally narrower as the thickness of the metal increases.
However, a thick Ag layer is not practical because it blocks the light reaching the perovskite
layer. In this sense, we choose a thickness for Ag as tp,= 50 nm because at this value we have
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Figure 5.7: (a) Optical absorption in the perovskite layer with the grating parameters GW, and GH
for a fixed Period P 600 nm at a single wavelength at, A = 610 nm, using TM polarized light of 1
A /m amplitude the highlighted black dashed circle defines the location of the point where the absorp-
tion in perovskite is maximized. (b) The absorption in perovskite layer (red line), absorption in Ag
top contact (blue line), the total reflectance of the whole device (black line) for the optimized geom-
etry, and the absorption in perovskite layer (brown dashed line) for the arbitrarily selected geometry
before optimization.

both high absorption and narrow response. A thickness of 40 nm could achieve a little better
absorption but the line width is wider than in the case of 50 nm thickness.
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Figure 5.8: (a) Effect of the period of the grating P, on the wavelength, of resonance. The resonant
wavelength is proportional to the period of the dielectric grating P. (b) Effect of the thickness of the
metal layer on the spectral relevance of the SPR. The optimum thickness, t5; = 50 nm, is plotted as a
dashed line.

5.2.3 Device Performance

We used the common sensor parameters, sensitivity and FOM to quantify the optical sen-
sor’s performance. Here, we aim to sense the change in refractive index of the medium in
contact with the nanostructured grating and the metallic layer, for example due to exposure of
a gas. If we use optical interrogation, the sensitivity is defined as the shift in the wavelength of
the reflection dip caused by refractive index change [61} 357 (see equation[4.2)). The associated
FOM takes into account the optical signal FWHM to normalize the sensors performance for
compare (see equation . Our goal is to optoelectronically interrogate the device. Therefore,
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we need another opto-electrical term that is the responsivity, R, which is defined as [358]:

I
photo (58)

Rs(A) = Proput (V)

wherel,hoto is the ideal photo-generated current, and Pput(A) is the incident light power that
is delivered by a tunable source. The sensitivity and FOM will be calculated using equations
(4.2), and (4.3]), but the wavelength shift will be for the reponsivity dip instead of the reflectivity

dip to replace the optical interrogation with an optoelectronic one.
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Figure 5.9: (a) Spectral responsivity of the optimized device for different values of the refractive index
of the analyte medium, n,. (b) Resonance wavelength in terms of the refractive index change. It shows
a linear behavior through the whole scanned refractive index range.
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The responsivity of the optimized device is very narrow in wavelength due to the SPR reso-
nance coupled to the absorption in the active layer, we plot the responsivity for different values
of refractive index in figure [5.9)a ranging from 1 to 1.03, which represents an air medium that
is perturbed by some controlled external mechanisms (change in concentration, temperature,
composition, etc.) [359]. Due to their origin as plasmonic resonances, the spectral responsivity
can be fitted to Lorentzian lineshapes. An important result of this fitting is the FWHM of the
resonance. We have found that FWHM is almost constant through the examined refractive
index range and has a value of 0.6 nm. After evaluating these parameters, we can obtain the
Sensitivity, Sp , and the FOM using equations , and . These calculations provide a
maximum spectral sensitivity of Sp x max = 490 nm/RIU, and a FOMp,x = 816.6 RIU—L.

The resonance wavelength, which shifts when the refractive index changes, is nearly linear
as seen from figure b and the linear fitting provides a value of Sp ) jinear = 490 nm/RIU.
Along with the simple and low-cost optoelectronic interrogation at normal incident conditions,
the device has high sensitivity and high FOM values are comparable with many recent reported
optical sensors with high sensitivity [360) B61l 362 363, 364].

Another application for this sensor is to detect the existence of gas contaminants of pollution
from inorganic gases like carbon dioxide (COq), nitrous oxide ( N2O), or organic vapors such
as chloroform vapor, halothane, and trichloroethylene [365]. In this case, the electric response
of the device illuminated by a monochromatic source can be used to detect such ultra-small
variations in the air refractive index through the change in the output responsivity of the device
(see figure c). The change in responsivity for such small changes in the air refractive index
is high, so, it reveals very high values of the sensor sensitivity (see figure c¢). This sensor
characteristic is very useful to monitor the changes in the gas quality of closed atmospheres
of laboratories, clean rooms, and industrial locations [366], 367]. And assures perfect specified
conditions for the atmosphere in these locations.

5.3 Self-powered plasmonic sensor for gases

A plasmonic nanostructure on the top of solar cell and interact with the incoming light and
produce several resonance mechanisms along with the wide absorption band of the cell. We
will show here, how nanophotonic structures boost the capabilities of perovskite-based solar
cells for their use as refractometric sensors through the excitation of multiple resonances at the
cell front surface exposed to air. This transformation from a solar cell to a sensor also implies
a discussion to properly describe the performance of the system as a dedicated refractometric
sensors, or as a solar cell.

We numerically analyze and propose a modified perovskite solar cell to work as a refrac-
tometric sensor for gases [368]. An interesting use for this device is in environmental research
applications, as well as in industrial inert atmospheres or laboratory clean rooms [366} [367]. As
a simple sensor for gases, it may help to detect volatile compounds with potential environmen-
tal hazards, and to monitor air quality parameters and gas composition [369} 370, B71l, 372].
The measurement of the index of refraction of air, as a ubiquitous gas, is of interest since long
ago [373, 374]. Several proposals have been presented to monitor air quality and composition
[367, 37Tl 372, 375l B76]. Tt is also known that the index of refraction of air, or any other gas or
gas mixture, depends on physical parameters (temperature and pressure) and chemical com-
position (humidity, presence of natural or artificial specimens). Then, a refractometric sensor
can check if some preset conditions are fulfilled, or a known specimen varies its concentration.
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5.3. Self-powered plasmonic sensor for gases

To do that, several optical technologies have been applied to sense refractometric changes
in gases. For example, we can find interferometric systems [359, 377, B78, 379 B380], plas-
monic devices [375] 381, 382, [383], or sensor based on specialized fibers and photonic crystals
[367, 369, 376}, 384, [385].

Our system, based on the selective resonances generated by subwavelength metallic gratings
on a modified perovskite cell can provide an alternative. The capabilities of optical gas sensors
rely on the accuracy and resolution of the involved optical instruments. A high-performance
sensor requires high quality optical subsystems, making the device more complex and expensive.
The sensor proposed in this section delivers an electric signal to voltage, or current, meters,
that are, by far, more available at lower cost.

The calculation is made in two steps. First, a linearly polarized monochromatic wave il-
luminates the structure from the air. The structure is excited with a plane wavefront under
normal incidence conditions, and having a total irradiance of 50 mW /cm?. The magnetic vec-
tor is oriented along the direction of the slits (TM polarization), i. e., perpendicular to the
plane represented in figure [5.10ja. Then, the energy absorbed at the active layer is calculated
using the material parameters of every layer in the structure. This is a 2D simulation be-
cause we consider an extruded geometry along the direction of the slits. The period of the
subwavelength grating is repeated using periodic boundary conditions. Each portion of the
structure is defined geometrically and optically using its complex refractive index. The result
is the identification of several peaks in the spectral absorption, which correspond to selective
resonances of the nanostructured subwavelength grating. The second step transforms this ab-
sorbed power assuming that each photon generates a hole-electron pair that is collected by the
top and bottom electrodes (assuming a collection efficiency equal to 1). This combined mech-
anism (selective absorption + current generation), and a monochromatic illumination allow
refractometric sensing.

Figure[5.10[a shows a typical layer structure used for perovskite solar cells illuminated from
the substrate [I72, I73]. In the same figure, we have also evaluated the spectral absorption
for two values of the index of refraction of the media in contact with the front surface (see
figure b). Our first approach is to consider air as the analyte (n, = 1), and slightly change
its index of refraction while we monitor the response of the system. In energy harvesting
applications, the performance of the cell is parameterized with its efficiency, which is related
to the short-circuit current, or the short-circuit density current, delivered by the cell, Igc or
Jsc, respectively.

This current is proportional to the optical absorbed power at the active layer of the cell,
which also depends on the spectral composition of the radiation. In our analysis, we can
numerically evaluate the absorbed power within the perovskite layer, Aperov, and therefore
obtain the optoelectronic response of the cell [193]. This signal is also dependent on the index
of refraction of the medium in front of the cell that becomes the analyte. Therefore, we evaluate
the sensitivity of the cell as a sensor, which is defined as the change of a physical property of
the device with respect to an environmental change. In this case, we use the responsivity of
the cell, R (in mA /W), as the parameter that changes with the refractive index of the analyte,
ng. [343, B86]. In figure c we represent the change in responsivity, R, as a function of
the index of refraction of the analyte when the system is illuminated at A = 600 nm and 50
mW /cm? in irradiance. When Igc is used to define the sensitivity, Sp = 0Isc/On,, we find
a value of Sp = 190 mA/RIU (where RIU means refractive index units). However, when
using responsivity, we obtain Sp = R /0n, = 70 mA /(W.RIU). We use responsivity because
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Figure 5.10: (a) Layer structure of a perovskite solar cell. The cell is illuminated through the SiOs
(glass) substrate. From top to bottom: air, glass (SiOaq, tgio, = 3 mm), top electrode (ITO, trro = 70
nm), buffer layer (TiOq, trio, = 30 nm), active layer (perovskite (MAPDI3), tperovs = 300 nm), buffer
layer (tspiro = 160 nm), and bottom electrode (ta, = 200 nm). (b) Spectral absorption of active layer for
two indices of refraction of the outer medium, n, = 1.0 and n,=1.1. (c¢) Responsivity, R as a function
of n,. The sensitivity of this device is given by the slope of the linear fit: Sp = 70 mA/(W.RIU).

of its robustness and flexibility to define the sensitivity independently from the power of the
source illuminating the cell. As it is being demonstrated, this idea shows the potential that it
is worth exploring. Therefore, the next step is to change the design of the cell and improve
its optical sensor’s performance, while maintaining the structure of a working perovskite solar
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5.3. Self-powered plasmonic sensor for gases

cell. This approach would allow easy implementation, so customized solar cells could work
as refractometric sensors. A similar approach has been successfully proved when adapting
a CMOS device for sensing [387], and when perovskite photodetectors are used in VIS light
communication systems [388]. The solar cell becomes closer to a photodetector when the
delivered electric signal varies for changes in n,, acting as a sensor. Then, the performance
parameters commonly used in sensing (sensitivity, FOM) may not be directly applicable here,
so the capabilities of the system should be related with detection figures of merit as responsivity,
noise equivalent power, detectivity, etc.[388, [389]

5.3.1 Proposed structure and materials

The performance of a planar perovskite solar cell with an ITO top contact as a refracto-
metric sensor is not competitive. However, we can improve the device by replacing the ITO top
electrode by a nanostructured metallic layer. Also, we move the SiO9 substrate (or any other
substrate, including flexible materials) behind the non transparent Au electrode to expose the
front surface to the analyte. In this way, we mostly preserve the structure of the solar cell and
act only on the surface of a flipped, almost-finished, functional device.

The geometry and material choice for the top contact, presented in figure[5.11]a is a metallic
thin layer (in our case, an Ag layer with a thickness of ¢,,=150 nm), where periodic slits are
etched to trigger funneling light mechanisms at selected wavelengths [267]. The sub-wavelength
period of the grating, p = 375 nm, precludes the existence of high-order diffraction modes.
Consequently, the aperture is also subwavelength, having a width GW = 50 nm, and showing
a high aspect ratio with a height equal to the thickness of the metallic layer (GH = t,,, = 150
nm), meaning that the slit reaches the TiO2 buffer layer. Figure b shows the spectral
absorption at the active layer for the proposed structure and geometry. This spectral shape
is clearly different from the one belonging to a conventional perovskite solar cell (see figure
b), and shows three maxima in the spectral absorption, located at A\; = 385 nm, Ay = 715
nm, and A = 783 nm. It shows more peaks at different wavelengths, but these three are the
most relevant in the analyzed spectral range. If we compare figure [5.10)b, and figure [5.11}b we
see relative low value in absorption for the modified cell. The main reason for this decreased
absorption is the high reflection caused by the Ag non-transparent top

electrode that replaces the ITO layer. Since our goal is not energy harvesting, instead of
enhancing the total photo-generated current generated by a broadband spectrum, we aim to
increase the variation of the photo-current delivered by the device with respect to a change in
the index of refraction. The device is illuminated with a monochromatic laser source centered
at one of the maximum absorption wavelengths. This increases the variation of the current
when changing the index of refraction. The next optimization step is to find the geometry of
the apertures that maximizes the short-circuit current of the solar cell at each peak. When
done, this optimization will provide higher values in absorption for each wavelength, as we will
show in the following section (see also figure .

To understand the origin of each peak, we plot the Poynting vector and the electric field
vector maps (see inset in figure a and figure ¢). The observed maxima have different
field distributions within the structure, where resonances II and III generate stronger fields
within the active layer. The peak at A; is related to plasmonic resonances caused by the
periodic narrow slit. This origin is supported by the presence of hot spots in the electric field
distribution at the metal/air interface (see figure c¢). The radiation at Aj; funnels through
the gap until reaching the active layer [284]. The peak at App corresponds to the strongest
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Figure 5.11: (a) Layer structure of a perovskite solar cell where the top electrode has been replaced by a
nanostructured metallic layer having a thickness of Ao, = 150nm. A periodic grating with subwavelength
period, p = 375 nm, and apertures, GW = 50 nm, allows light funneling towards the active layer of
the cell. The inset at the left show three maps of the Poynting vector where we see how the power
is directed towards different portions of the solar cell for Ar, Ai1, and M. (b) Spectral reflectance of
the structure (black dotted line), and spectral absorption of the active layer (red solid line). Both the
spectral absorption and reflectance show three peaks (I, IT, and IIT) at A; = 385 nm, A;; = 715 nm, and
Amr = 783 nm. (c) Electric field distribution for the same wavelengths considered in (a) and (b). The
three resonances show their maximum amplitude at different layers within the solar cell.
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field distribution at the active layer. However, as we will see when analyzing its behavior
with respect to the index of refraction of the analyte, this peak does not shift significantly in
wavelength when changing the index of refraction, and should not be caused by a plasmonic
resonance but by selective transmission through the apertures [284].

5.3.2 Optimization of the device

We focus on engineering opto-electronically interrogated device able to sense changes in the
index of refraction of the analyte. We will show the geometry of the design and the operation
wavelengths where the proposed system provides the largest variation of the electric signal
with respect to the index of refraction of the environment. In some cases, the spectral shift
of the optical response of the optimized geometry allows operating the device using spectral
interrogation techniques.

The common geometry and material arrangement of a perovskite solar cell can be seen in
figure 5.10la. This basic design is modified at the top surface: the ITO transparent electrode is
replaced by a nanostructured metallic layer (see figure a). When including it on top of the
active perovskite layer, the absorption drops. It decreases because the metallic coating is highly
reflective and also dissipates energy causing losses. However, at some selected wavelengths,
the absorption at the active layer, and consequently the output signal delivered by the cell,
increases due to this subwavelength grating. The slits grooved on the metallic coating generate
funneling and plasmonic resonances that selectively increase the amount of energy reaching the
perovskite layer.

The analysis of the system requires the definition of a function of merit for optimization
purposes. In this case, we select the amount of energy absorbed by the perovskite active
layer as the function of merit. The reason for this choice is the direct relation between the
signal delivered from the cell and the absorption at the perovskite layer. Due to the geometry
selected in this analysis, that is an extruded 2D arrangement, the calculation can be made in
2D, allowing a faster and more reliable optimization. The optimization is made by a parametric
sweeping of the geometry of the nanostructure (GW and GH). In practice, we maximize the
optical absorption at the solar cell active layer, Aperov. We maximize it for those wavelengths
generating a large absorption at the active layer because they will generate a large electric
signal, which is better suited to sense environmental changes. After optimizing this variable,
we have obtained the spectral absorption for the three wavelengths of interest. The actual
parameters that maximize absorption are given in table for each wavelength. So, we
have maximized the amount of energy absorbed at the perovskite active layer through the
combination of plasmonic resonances, funneling effects, and selective transmission, by varying
the geometrical parameters of the slits. In figure[5.12] we represent the maps of the absorption
at the perovskite active layer, Aperov, in terms of the width (GW) and height (GH) of the slits,
for each wavelength of the resonances, identified previously (see labels in table

We can see that the maximum absorption, Aperov = 94% (see figure b), is obtained for
a wide slit at A;; = 715 nm. The colormap of these plots has been normalized independently for
each wavelength. To compare the results among them, it is necessary to consider the maximum
value for each one.
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Figure 5.12: Maps of the absorption at the perovskite active layer, Aperov, in terms of the height (GH)
and width (GW) of the slits, maintaining the thickness of the metal layer, and the grating period. Each
map corresponds to one of the three spectral resonances centered at Ay, A;;, and Ar;. There are two
maxima for Ajr, labeled as # Il-wide and # Il-narrow according to the width of the slit. The value
of Aperov is given for every optimum design. We have represented these plots using color maps with
different ranges to emphasize the variations for each case. Therefore, the comparison between maps
should consider the applicable ranges. The optimum designs are marked and labeled as in table [5.3]

Table 5.3: Optimized geometrical parameters of the low-order diffraction grating.

A [nm] label p [nm] GW [nm] GH =t,, [nm]

385 #1 375 80 125
715 # Il-narrow 375 40 140

# Il-wide 375 150 110
783 # 111 375 75 140
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5.3.3 Results and Discussion

Figure shows the spectral absorption of the optimized devices for each wavelength pre-
viously selected (see figure and table . We see how the absorbed power is significantly
larger after optimization.
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Figure 5.13: Spectral absorption in the active layer for the optimum geometrical parameters at the
three resonant wavelengths. the absorption in the active layer for the design with the arbitrary selected
geometry is included for each case to show the effect of the optimization process .

To explore the capabilities of the proposed device for spectral and optoelectronic interroga-
tion methods, we have evaluated the spectral absorption for each optimized case, and for two
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different values of the index of refraction, n, = 1.0 and 1.1. This range is much larger than
the expected variations in the index of refraction, and explores how this device behaves when
adding nebulized liquids in the atmosphere, or when the analyte is under extreme values of
pressure and temperature [359]. Besides, this extended range reveals better how the spectral
absorption changes with respect to the index of refraction (as shown in figure . In our
calculation, we have considered the gases as non-absorptive (meaning a negligible value of the
imaginary part of the index of refraction). We have also neglected the contribution of scatter-
ing, but this simplification should be raised if nano- and micrometer size particles were taken
into account [390].

In figure [5.14] we show how each design undergoes a spectral shift, A\, and absorption
intensity changes, A, as the refractive index changes. In this last case, a variation in the
absorption at the active layer translates in a change in the photo-generated current, and hence
in responsivity. A larger A\, or AI, means a higher sensitivity because it generates a larger
measurable change when the index of refraction varies. However, the measurement method is
different: A\ is obtained through a spectral interrogation scheme, and A is measured using an
optoelectronic set-up where the electric signal delivered by the cell is processed by an external
circuit. In this case, the electronic output signal of the device senses the variation of the
refractive index, which means an optoelectronic interrogation.
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Figure 5.14: Spectral absorption for the four optimized designs at the three resonant wavelengths. These
absorptions are calculated for two values of the index of refraction of the analyte, n, = 1.0 and 1.1. The
vertical blue dotted line represents the wavelength of resonance for n, = 1.0, and 1.1. A\ is the spectral
shift of the resonance when varying the index of refraction, and ATl shows the variation in absorption
at the perovskite active layer.

We simulate our device’s performance to measure the index of refraction of gases (with
index of refraction very close to 1.0). The system works with a monochromatic light source
tuned to the selected resonant wavelength of each one of the designs (A, Mir—narrow = AMI—wides
or Arrp). To properly compare the four designs, the light source illuminates the device with
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the same irradiance of 50 mW /cm?. This value is achievable using regular diode lasers. At
the same time, the spectral width of the resonance is large enough compared with the typical
linewidth of commercial laser diodes (well below 0.1 nm), to consider the light source as purely
monochromatic (as a delta function in A that samples the absorbed spectral). This irradiance
generates a photo-current, Igc, that is retrieved from the cell and delivered to an electronic
read-out circuit. When changing the index of refraction of the analyte, the current varies, and
so does the delivered signal. The photo-current is used to calculate the responsivity, R, [358]

(see equation ([5.8)])).
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Figure 5.15: (a,b,e,f) Variation of the respounsivity, R, as a function of the index of refraction of the
analyte, n,, for the four optimum design selected in this paper. A linear fitting for the range in the
index of refraction where the variation in the current is almost linear line, The slope of the fitting give
the average value of the sensitivity of the device, Sp within this range. (c,d) is a zoom for the data in
(a,b) for a small variation in the index of refraction of air (i. e. n,=1). This change represent the case

when small amounts of gas inserted in air. Some possible gases that could be detected are placed on
the vertical dashed red lines in (c,d).

The change in the responsivity with respect to n, is presented in figure As pointed
out in the introduction section, the sensitivity of this sensor can be defined as the variation of
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R with respect to the index of refraction of the analyte, n,[343] 386, [391]:

OR
SB - ana7 (59)
and the FOM is also redefined in terms of the responsivity, R [343, [386]:
Sp
FOM = —. 5.10
= (510)

These definitions are adaptations of those applicable to plasmonic sensors interrogated in wave-
length or angle of incidence, as it happens with Kretschmann and Otto configurations.

The evaluation of the sensitivity for the four designs presented in this section, can be
made using equation . Table summarizes the performance of the four designs in
terms of sensitivity and FOM ( equations , and ) This table also includes the
variations AX and AAperovs, that are applicable for a spectral interrogation method, or an
optoelectronic technique, respectively. The idea is to express the sensor characteristics using
electric parameters, where Isc is proportional to Aperoy, and therefore, the sensitivity is given
using its definition in terms of R. figure plots the responsivity for the four designs treated
in this contribution.

For the first peak at A1, the change in photo-current when varying the index of refraction
is large, in accordance with a 60% change in the absorption at the active layer (see figure
a, and table . This means a high sensitivity to refractive index changes, but results
in a limited dynamic range since the current decays sharply (see figure a). The spectral
absorption of the second peak at Ar; (see ﬁgur b # Il-narrow case), generates a smaller
spectral shift while maintaining a significant variation in intensity. Its responsivity is high and
linear within the studied range in the index of refraction (see figure [5.15|b). This expanded
range in linearity is desirable, and compared to the previous design at A;, makes this design
operationally more robust and stable.

Figure c,d contains a detailed zoom of the responsivity in the range na € [1.000,
1.001] that comprises the expected variations in the index of refraction of air or controlled
atmospheres. We have selected designs # I and # II-narrow because they show better behavior
(higher Sp). We can see, that these designs, even in this narrow range, provide competitive
values of sensitivity. The corresponding performance values are also shown in table Some
possible gases that could be detected are placed on the vertical dashed red lines in figure

BTc.d.

The spectral absorption for designs # II-wide, and # III presents a lower value of AT (see
figure c,d) that corresponds with a lower value of sensitivity (see figure c,d and table
. Even more, in the design # III at A\ip = 783 nm, the spectral shift, A\, is negligible and
precludes its operation using spectral interrogation methods. This fact is in agreement with
the physical interpretation of this peak as a selective transmittance through the slits [284]. The
FOM results summarized in table are moderate compared with previously reported values
1319, 320, 321, 322, [324), 325, 326)].

FOM for angular and spectral interrogation systems is defined as the ratio between sen-
sitivity, Sp, and the capability of the system to distinguish a variation in the signal. This
resolution capability is given as the FWHM of the measured lineshape (in terms of angle or
wavelength). The case treated in this paper generates an electric signal, the current delivered
by the perovskite cell, that senses the variation in the index of refraction. This current will
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be affected by noise and fluctuations due to the intrinsic variations of the sensor, and related
with the stability and noise level of the light source, the detector, and the signal acquisition
electronics. Most of these variations can be accounted for and controlled. In the end, all these
uncertainties are summarized in a variation of the responsivity, AR. which plays the same role
as the FWHM used to define FOM for spectral or angular interrogation. A modification of the
FOM adapted to this measurement procedure would be defined as:

Sp
ﬁa
where the * superscript is given here to distinguish this definition from the one given in equation
5.10). In the practical case that we treat here, when comparing the denominator in equation
5.10) with AR, we can conclude that the definition is given in equation (5.10)) clearly under-
estimates the FOM for our system.

FOM* = (5.11)

From the definition of responsivity (see equation (5.8))), we can derive its uncertainty, og,
that can be used in equation (5.11)), considering AR = o, as:

2 2
8R 2 2 8R 2 IT% APinput
AR =0R = (aISC) UISC’ + <8Rnput> UF)input == P2 + R2 7'Pinput s (512)

input

where APiput/Pinput describes the stability in the power of the illuminating light source.
Assuming an accurate measurement of the current, we have taken its uncertainty as the noise
in the intensity of the photodetector o7y, = I,. The uncertainty of the illuminating power
has been written in terms of the relative power stability of the source, op,, . = APput- The
device described in this contribution is quite close to a photodetector. Therefore, as it has
been already proposed for perovskite based detectors [389], we should consider photodetection
quality parameters to assess the performance of the device. Among these parameters, the noise
equivalent power, NEP, is defined as NEP = I,,/R, and evaluated for perovskite detectors as
NEP = 4.6 x 1072 W at a wavelength A = 700 nm [389].

When taking the worst-case scenario with the largest value in responsivity evaluated in this
paper (R = 539 mA/W at A = 715 nm), we obtain an estimation of the maximum noise in
intensity: I, = NEP x R = 2.5 x 1073 pA. Taking into account this very small value of I,,, we
find that the largest contribution to the variation in responsivity is coming from the second
term in equation . This means that, after neglecting the first term within the square root

in equation ([5.12)), we obtain :

APinput

AR=0or ~R
R Pinput

: (5.13)

meaning that the relative variation in responsivity is equal to the relative variation in input
power: AR/R = APiput/Pnput- Using this approximation and combining equations (5.10))
and (5.11)), it is possible to obtain a relation between FOM and FOM™ as:

A-Pinput

-Pinput

-1
FOM* = < > x FOM, (5.14)

showing that both performance parameters are proportional, and the proportionality constant
depends on the stability in the power of the light source, 7. e., a more stable light source means

a larger multiplicative term in equation 1) A value of APyyput/Pinput = 1073 is attainable
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with the current laser diode technology. This means that FOM* = 1000 x FOM. This previous
discussion makes possible a conservative evaluation of AR that we have included in the last
column of table where we have found that FOM* reaches a significant maximum value of
FOM* = 17700 RIU™!, which is competitive with existing technologies. Within the range na
= [1.000,1.001], this value is FOM™* = 12200. This value would mean a capability of measuring
the change in the index of refraction as low as 8 x 10~ RIU, which may account for variations

in the index of refraction of air [323| 373, 374, 377, 379, 385].

Table 5.4: Performance parameters for the four designs.

Design type  AMres  AAperov SB FOM FOM*
[nm] [%] [mA(W.RIU)~!] [RIU!] [RIU™Y]
Planar cell NA 1.4 70 0.15 NA
#1 332 60.0 3490 17.7 17700
# 1 (zoom) - - 2320 12.2 12200
# Il-narrow  17.5 31.8 2330 5.5 5450
# Il-narrow (zoom) - - 2290 5.4 5380
# Il-wide  16.5 5.4 444 0.82 824
# 111 0 15.0 1060 2.24 2240
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Conclusions

In this thesis, we have explored different ways to improve the performance of photonic
devices using nanostructures to control light. Specifically, we have developed designs that
use interference and diffractive effects, and plasmonic resonances, showing the role of each
mechanism in promoting the absorption capability at the desired location in the devices. Also,
we have analyzed new strategies for the device setup and working methodology that ease its
integrability in different systems, and reduce its final cost. We have selected the characteristic
parameters for each device to evaluate the enhancement provided by our designs, for example,
Jsc for solar cells, and the sensitivity, Sp, and figure of merit, FOM, for optical sensors.
The original contributions of this work are compared with similar recent reports under each
corresponding section, and revised below as a summary.

Now, we itemize the main conclusions of our work

o Optical model validation.

— The use of Finite Element Methods, through a well accepted computational tool, as
Comsol Multiphysics, has been fully validated and applied in this dissertation. We
have integrated this method successfully in a design process that we have applied
extensively in this work.

e Nanostructures for solar cell devices.

In this topic, we have proposed several nanophotonic structures to improve the perfor-
mance of solar cells, ranging from low-cost amorphous silicon hydrogenated cells, to high
performance cells based on novel materials, as in tandem perovskite/c-Si cells. All the
analysis has been made taking into account the feasibility of the design and the fabrication
constraints both for geometry, and material selection.

— We have analyzed quantitatively the importance of every layer in an amorphous
silicon hydrogenated solar cell, focusing on their role in the optical behavior of the
cell.

— We have designed a double layer antireflection coating having a planar geometry,
optimized its performance, and evaluated its limitations

— We have proposed a one dimensional, and extruded, nanostructured dielectric grat-
ing on top of the layer to increase the transmittance towards the active layer of the
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cell and reduce the reflectivity. Several geometries have been analyzed and we have
found that the triangular profile behaves the best, reaching an increase in the short
circuit current of 9%.

— We have arranged a high-aspect-ratio nanostructured grating as a scaffold to grow
an ultra-thin amorphous silicon hydrogenated solar cell on it. We have identified
that optical funneling and guiding increase the optical path within the structure,
and the exposed area. Our analysis has taken into account the fabrication issues
related to a conformal deposition of the layers of the cell. After optimizing the
parameters of this nanophotonic structure we found an improvement of the short
circuit current by 50%.

— We have analyzed the power budget of these previous designs to understand better
the role of the parasitic losses in the thermal mitigation of the Staebler-Wronsky
effect that degrades the performance of amorphous silicon cells.

— We have optically evaluated the performance of a planar tandem perovskite/c-Si
solar cell. We calculated the thickness of the active layer for the top perovskite
solar cell to achieve the current matching condition required for the good operation
of the whole device. We have included a metasurface in the form of multilayer
gratings in the perovskite top cell that decreases the reflectance of the tandem
device. We have included a nanotexture in the back contact of the tandem cell to
improve its characteristics. These additions along with the metasurface increase the
short circuit current of the cell by 20%.

Plasmonic sensors.

We have proposed several designs that use plasmonic resonances as optical probes to
sense the variation of the index of refraction of the analyte. We have defined a merit
function that combines those magnitudes of interest for the given application. This merit
function has been optimized by changing both the geometry and the material selection
of the structure under analysis.

When necessary, we have considered the biocompatibility issues of the sensor and the
analyte. To avoid the contact of silver with water-based analytes, we have proposed
bimetallic layers that exploit the biocompatibility of gold and the excellent plasmonic
response of silver. Also, some dielectric passivization layers have been proposed, finding
that the overall performance of the device is not affected significantly.

We studied several designs incorporating metal, or dielectric nanostructures to improve
the performance of plasmonic sensors. This performance is parameterized by the dynamic
range in the sensed refractive index, the sensitivity of the device, and the figure of merit
of the sensor.

— We have designed a plasmonic sensor that uses a periodic grating made of nanoslits
on a silver or gold layers, and embedded in a low index buffer layer made of magne-
sium florid (MgF3) . The buffer layer can be spin coated to form a planar surface
for the deposition of a second thin film metal layer made of silver. This thin film
silver layer can be passivated with a 10 nm gold or MgF5 for biocompatibility issue.
This structure works under normal incidence conditions and can be attached to the
end of an optical fiber. This design is devoted to sense aqueous solutions having a
refractive index in the range n € ( 1.3-1.35). The sensitivity, and figure of merit for
this design reaches values of the 955 nm/RIU, and 734 RIU™!, respectively.



— We have proposed a stack of metallic gratings etched with deep grooves of dielectric
materials. The multilayer grating stuck can be terminated with a thin metal layer at
where surface plasmon resonance can be generated and we call it Funnel-SPR.. Also,
it can be terminated with a thin dielectric layer to permit selective spectral trans-
mission, which we call Funnel-T. Both designs funnel light towards the analyte in a
spectral selective manner, showing high field enhancement values. The system can
work with liquid analytes and water-based substances. The value of the sensitivity
and figure of merit for the Funnel-SPR (Arp_gspg,1) is as high as 1130 nm/RIU, and
2100 RIU™!Y, at n, = 1.35, respectively. We have found that the dynamic range is
limited to the range n, € (1.30,1.35).

— We have analyzed an extruded design with a triangular profile that increases the
available optical field at the sensing surface by the generation of surface plasmon
resonances. We have selected materials showing a high-contrast in their index of
refraction to extend the surface plasmon resonance deeper in the analyte and to
increase the dynamic range of the device, reaching a total dynamic range of 1.43
RIU, a sensitivity of 450 nm/RIU, and a figure of merit of 220 RIU~!,

— We have modified the extruded design with a triangular profile from SizN4 embedded
in the analyte, and on top of a thick metal layer. This design has a higher refrac-
tive index contrast with the surrounding medium than the ZnO triangular profile
embedded in MgF,. This higher refractive index contrast further extends the dy-
namic range of the device, reaching a total dynamic range of 1.56 RIU. The value of
sensitivity reaches 940 nm/RIU, besides, the figure of merit sharply increases when
moving to a higher index of refraction.

— We have analyzed a nanostructure that presents Fano resonances that combine the
narrow spectral surface plasmon resonances with the wide diffractive response of
almost sub-wavelength gratings. The physical analytical model has been fitted with
the responses calculated from computational electromagnetism, to select those de-
signs with better performance. This design behaves with a 1000 nm/RIU, and 775
RIU™! for the sensitivity and figure of merit, respectively, and has an ultra wide
dynamic range of n, € (1.33,2.00).

o Hybrid sensing devices.

As a natural output of the analysis of the solar cells and plasmonic sensors, we have
proposed three designs of optical sensors based on hybrid mechanisms. In this analysis,
we have included a multiphysics analysis of the involved physical mechanisms.

— We have used the bolometric effect to extract the signal from a refractometric sensor
based on the excitation of surface plasmon resonances. We have optimized the
nanophotonic structure to increase the temperature selectively with respect to the
index of refraction of the analyte. Actually, the metal structure used to generate the
plasmonic resonances is part of the read-out electronic circuit. We have to adapt
the definition of the sensitivity and figure of merit to the proposed optoelectronic
interrogation. The values of these parameters are: the sensitivity reaches a value of
12.4 Q/RIU at n, = 1.3335, and the maximum figure of merit is 382 RIU~! at n,
= 1.3360.

— We have modified the design of a perovskite I'TO-free solar cells by adding a metal-
lic/dielectric grating nanostructured electrode. We have optimized this electrode for
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sensing applications. This approach has been evaluated as a refractometric sensor
for gases.

— We have modified a perovskite solar cell by replacing the top transparent electrode
with a nanostructured top metallic electrode. The nanostructured metallic electrode
is responsible for the spectral selectivity of the system. The modified perovskite solar
cell is operated using a monochromatic light source. We have optimized the system
for gas detection. The signal extraction of the device is fully electronic. Therefore,
we have defined a modified figure of merit that explicitly takes into account this
electric operational mode. The value of the modified figure of merit for the proposed
sensor is 17700 RIU~!. Within the range n, € (1.000,1.001), the modified figure of
merit is 12200 RIU™!. This value would mean a capability of measuring change in
the index of refraction as low as 8 x 10~° RIU, that may account for variations in
the index of refraction of air.

Outlook and future work

Flexible optoelectronic devices appear in many applications like smart-phones, laptops,
displays, and other machines. In most of the efficient optoelectronic devices, transparent oxides
(for example, indium tin oxide) plays a principal role in the device operation to provide an
illumination window and electrical contact for the device. ITO’s are fabricated from expensive
materials, and are rigid, so we need to replace them with other efficient electrodes to achieve
flexible optoelectronic devices. As a future step, we will study a design of nanostructured
metallic electrodes that incorporates nanophotonic structures to work as an efficient electrode
for flexible optoelectronics devices.

6.1 Conclusiones

In this section we have included the translation of the conclusions into Spanish.

En esta tesis hemos explorado diversas manera de mejorar el comportamiento de dispos-
itivos foténicos utilizando nano-estructuras. En particular, hemos desarrollado disefios que
utilizan efectos interferenciales, difractivos, y resonancias plasmoénicas, indicando el papel de
cada mecanismos en el aumento de la absorbancia en las regiones de interés del dispositivo.
También hemos analizado nuevas estrategias para la construccién del dispositivo y nuevas
metodologias de operacion que facilitan la integracion en diversos dispositivos, reduciendo su
coste final. Hemos seleccionado los parametros caracteristicos de cada dispositivo para evaluar
los avances ligados a nuestros disefios. Por ejemplo, la densidad de corriente en circuito abierto,
Jse, para células solares, y la sensibilidad, Sp, v la figura de mérito, FOM, para sensores 6pti-
cos. Las contribuciones originales de esta tesis han sido comparadas con publicaciones recientes
en cada una de las secciones, y estan descritas a continuacion:

e Validacion del modelo optico

— El uso de un Método de Elementos Finitos, mediante Comsol Multiphysics, que
es una herramienta computacional bien aceptada, ha sido completamente validado.
Hemos integrado este método con éxito en un proceso de disefio que hemos aplicado
extensivamente en este trabajo.
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e Nanoestructuras para células solares

En este apartado hemos propuestos varias estructuras nanofotonicas para la mejora del
rendimiento de células solares, desde los dispositivos de bajo coste de células de silicio
amorfo hidrogenado, hasta céluas de alto rendimiento con nuevos materiales, tales como
células de perovskitas y de silicio cristalino. Todo el andlisis ha sido hecho considerando
la realizacion practica del diseno y las limitaciones de fabricacién, tanto para la geometria
como la seleccion del material.

En particular:

— Hemos analizado cuantitativamente la importancia de cada capa en una célula solar
de silicio amorfo hidrogenado, fijdndonos en su papel en el comportamiento éptico
de la célula.

— Hemos disefiado un recubrimiento antirreflejante de doble capa con geometria plana,
con su rendimiento optimizado, habiendo evaluado sus limitaciones.

— Hemos propuesto una red periédica nanoestructurada, extruida, y dieléctrica que se
coloca sobre la célula para incrementar la transmitancia hacia la capa activa de la
célula, disminuyendo la reflectividad. Hemos analizado varias geometrias y hemos
encontrado que el perfil triangular es el que més incrementa la densidad de corriente
de circuito cerrado, hasta un 9%.

— Hemos propuesto el uso de una red nanoestructurada de alta razén de aspecto que
actia como una plantilla para construir una célula de solar ultrafina de silicio amorfo
hidrogenado. Hemos identificado que el confinamiento y guiado éptico incrementan
el camino 6ptico dentro de la estructura y también el area expuesta. Nuestro analisis
ha tenido en cuenta los problemas de fabricacién ligados a la deposicion conformal de
todas las capas de la célula. Después de optimizar los parametros de esta estructura
nanofoténica hemos encontrado un aumento del 50% en la corriente de circuito
cerrado.

— Hemos analizado el balance energético de estos disefios para entender mejor el papel
que juegan las pérdidas parasitas en la recuperacion térmica de células de silicio
amorfo degradadas mediante el efecto Staebler-Wronsky.

— Hemos evaluado épticamente el rendimiento de una célula solar plana tdndem per-
ovskita / silicio cristalino. Hemos calculado el espesor de la capa activa de la célula
de perovskita que permite conseguir el ajuste entre las corrientes que es necesario
para el buen funcionamiento del dispositivo. Hemos incluido una metasuperficie con
forma de una red multicapa en la célula de perovskita, que disminuye la reflectancia
del tdndem. Hemos texturizado el contacto inferior de la célula tdndem para mejo-
rar sus caracteristicas. Todo ello permite aumentar un 20% la corriente de circuito
cerrado.

e Sensores plasménicos.

Hemos propuesto varios disefios que utilizan resonancias plasmoénicas como elementos
que sensibles a las variaciones del indice de refraccién del analito. Hemos definido una
funcién de mérito que combina las magnitudes de interés en cada una de las aplicaciones
estudiadas. Esta funcién de merito has sido optimizada cambiando la geometria y los
materiales elegidos para cada estructura.

Cuando ha sido necesario, hemos considerado los problemas de biocompatibilidad entre
el sensor y el analito. Para evitar el contacto de la plata con analitos con base acuosa,
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hemos propuesto capas bimetalicas que explotan la biocompatibilidad del oro con la
excelente respuesta plasmoénica de la plata. También hemos propuesto el uso de capas
dieléctricas de pasivacién, encontrando que el comportamiento global del dispositivo no
se ver afectado significativamente.

Hemos estudiado varios disenos que incorporan nanoestructuras metalicas o dieléctricas
para mejorar el comportamiento de los sensores plasmoénicos. Este rendimiento ha sido
parametrizado mediante el rango dinamico en el indice de refraccion medida, la sensibil-
idad del dispositivo, y la figura de mérito del sensor.

En particular:

— Hemos disenado un sensor plasménico que utiliza una red periédica heca de nano-
aperturas hechas sobre una capa metélica incluida dentro de un capa dieléctrica
de bajo indice. Esta estructura trabaja en incidencia normal y puede ser acoplada
al final de una fibra éptica. Este elemento estd preparado para medir soluciones
acuosas con indices de refracién en el rango n, € (1.33,1.35). La sensibilidad, y la
figura de mérito para una configuracion Ag/Ag-MGF3 alcanza los valores de 955
nm/RIU y 734 RIR™! respectivamente.

— Hemos propuesto un apilamiento de redes metalicas con aperturas profundas y rel-
lenadas con material dieléctrico. Esta estructura confina la luz y la dirige hacia el
analito de forma selectiva espectralmente, mostrando altos valores de aumento del
campo eléctrico. El sistema puede trabajar con analitos liquidos y sustancias con
base acuosa. El valor de la sensibilidad y de la figura de mérito para un diseno
basado en confinamiento y resonancias de plasmones superficiales toman los valores
1130 nm/RIU y 2100 RIU~! para n, = 1.35, respectivamente. Hemos evaluado que
el rango dindmico estd limitado por los valores n, € (1.30,1.35).

— Hemos analizado un disefio extruido con perfil triangular que incrementa el campo
optico disponible en la zona de sensado debido a la generacidon de resonancias de
plasmones superficiales. Hemos elegido materiales que presentan un alto contraste
en su indice de refraccién para ampliar la regién de la resonancia plasmoénica en el
analito, e incrementar el rango dindmico total hasta 1.43 RIU, con una sensibilidad
de 450 nm/RIU, y una figura de mérito de 220 RIU~!

— Hemos modificado el disefio extruido mediante un perfil triangular de SizNy4 in con-
tacto con el analito y colocado sobre una capa metéalica gruesa. Este disenio presenta
un alto contraste del indice de refraccién con respecto al medio que le rodea, mayor
que el que se produce mediante un perfil triangular de ZnO embebido en MgF,. Este
mayor indice de refraccién extiende el rango dinamico hasta 1.56 RIU. El valor de
la sensitividad alcanza 940 nm/RIU y el valor de la figura de mérito se incrementa
fuertemente cuando nos vamos hacia valores mas altos del indice de refraccion.

— Hemos analizado una nanoestructura que presenta resonancias de Fano que com-
binan la estrecha respuesta espectral de las resonancias plasmoéncias con la mayor
anchura espectral de la respuesta difractiva de redes con periodos del orden de la
longitud de onda. El modelo fisico ajusta las respuestas espectrales obtenidas me-
diante electromagnetismo computacional, y permite seleccionar los dispositivos con
mejor rendimiento. Este disefio consigue valores de 1000 nm/RIU y 775 RIU™!,
para la sensibiliddad y figura de mérito respectivamente. Ademas, corresponde a un
rango dindmico ultra ancho, n, € (1.33,2.00).
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Sensores hibridos.

Como una evolucién natural del andlisis de células solares y de sensores plasménicos,
hemos propuesto tres disefios de sensores épticos basados en mecanismos hibridos. En
este andlisis hemos incluido una calculo multifisico considerando los mecanismos fisicos
incluidos.

En particular:

— Hemos utilizado el efecto bolométrico para extrare la sefial de un sensor refrac-
tométrico basado en la excitacién de resonancias de plasmones superficiales. Hemos
optimizado la estructura nanofoténica para incrementar la temperatura selectiva-
mente con respecto al indice de refracciéon del analito. Realmente, la estructura
metalica utilizada para generar la resonancia plasmoénica es parte del circuito elec-
trénico de lectura. Hemos adaptado la definicién de la sensibilidad y de la figura
de mérito a la interrogacion optoelectréonica propuesta. La sensibilidad alcanza el
valor de 12.4 Q/RIU para n, = 1.3335 y el valor méximo de la figura de mérito es
382 RIU~! para n, = 1.3360.

— Hemos modificado el diseno de una célula solar de perovskita sin I'TO, anadiendole
un electrodo nano-estructurado con una red metalica y dieléctrica. Hemos opti-
mizado este electrodo para aplicaciones de sensado. Este disefio se ha evaluado para
un sensor refractométrico de gases.

— Hemos modificado una célula solar de perovskita reemplazando el electrodo trans-
parente superior por un electrodo metalico nano-estructurado. Este electrodo es el
responsable de la respuesta espectral selectiva del sistema. Esta célula solar mod-
ificada es iluminada por una fuente monocromatica. Hemos optmizado el sistema
para la detecciéon de gases. La adquisicién de la senal es completamente electrénica.
Por ello, hemos definido una figura de mérito modificada que explicitamente tiene en
cuenta este modo de funcionamiento. El valor de esta funcién de mérito modificada
es 17700 RIU~L. Para el rango n, € (1.000,1.001) se alcanza un valor de esta figura
de mérito modificada de 12200 RIU™!. Este valor implica una capacidad de medida
de cambios del indice de refraccién tan bajos como 8 x 107> RIU, lo que permite
medidas de variacion del indice de refraccion del aire.
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The complex electromagnetic wave propaga-
tion constant.

Real part of the electromagnetic wave propa-
gation constant.

Spectral absorbance.

Noise in intensity of the photodetector.
Short-circuit current density.

The wave vector of electromagnetic wave in
vacuum.

Thermal conductivity.

Noise equivalent power.

Quality factor parameter.

The heat power density.

Reflectance .

Electrical resistance, i is 0 or 1 for initial and
final resistances, respectively .

Transmittance .

Unit of electrical resistance.

The solar spectral irradiance.

temperature coefficient of resistance.
Imaginary part of the electromagnetic wave
propagation constant.

Plasmon propagation depth in the dielectric
medium.

The Complex electric permittivity of materials.
Real part of the electric permittivity of mate-
rials.

Imaginary part of the electric permittivity of
materials.

Electric permittivity in vacuum.

Fano resonance width coefficient.

Wavelength of electromagnetic wave.
Magnetic permeability in vacuum.

Glossary
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mathematical vector differential operator.
Angular frequency variable.

Natural angular frequency.

Electrical resistivity.

Electrical conductivity.

Uncertainty in short circuit current measure-
ment.

Uncertainty in input optical power measure-
ment.

Uncertainty in responsivity measurement.
Magnetic field.

Electric field.

Fano resonance complex coefficient.

Angle of incidence, reflection, or refraction.
Complex refractive index.

Delta, a mathematical notation means the vari-
ation.

The dielectric permittivity of an effective
medium.

Speed of light in vacuum.

Planck’s constant.

Imaginary of refractive index.

Real part of refractive index.

Optical power spectral density.

Electron charge.

Arbitrary spatial vector.

Reflection coefficient for ¢ can be s-polarization
or p-polarization .

time.

Transmission coefficient for ¢ can be s-
polarization or p-polarization .

Ratio of output current to input optical power
of a diode.



Al

ARC
aSiH
ATR

AZO
c-Si

Deg
DS

EF
EM
ETL

FDTD
FE
FEM
FOM
FOM*
FWHM

HTL
iaSiH
ITO
170

LRSPR
LSPR

Silver.

Aluminum.

Anti-reflection coatings.
Amorphous Silicon hydrogenated.
attenuated total reflection.

Gold.

Zinc oxide doped aluminum.

Crystalline-silicon.

Degree , angle unit.
Dielectric spacer.

Enhancement factor.
Electromagnetic.
Electron transport layers.

Finite-difference time-domain.
Field enhancement.

Finite element method.
Figure of merit.

Modified figure of merit.

Full width at half maximum.

Hole transport layers.

Intrinsic amorphous Silicon hydrogenated.

Indium tin oxide.
Zinc oxide doped indium.

Long-range surface plasmon resonance.
localized surface plasmon resonance.

Acronyms
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MAPbI;
MF

naSiH
NIR
NREL

paSiH
RIU

SB
SigNy
SiO9
SPP
SPR
SPW
SWE

TC
TCO
TCR
TE
TiOq
™

VIS

Zn0O
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Methylammonium lead halides.
Merit function.

n-type amorphous Silicon hydrogenated.
Near infrared.
National Renewable Energy Laboratory.

p-type amorphous Silicon hydrogenated.
Refractive index unit.

Bulk sensitivity.

Silicon nitride.

Silicon dioxide.

Surface plasmon polariton.
surface plasmon resonance.
surface plasmon wave.
Staebler—Wronski effect.

Transparent contacts.

Transparent conducting oxide.
Temperature coefficient of resistance.
Transverse electric.

Titanium dioxide.

Transverse magnetic.

Visible.

Zinc oxide.
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of the grating with (a) rectangular profile, (c) trapezoidal profile, and (e) triangu-

lar profile. The corresponding maps of the weighted reflectance for each case are

presented in (b),(d), and (f) respectively. The blue dashed line in the Jgo maps

define the GW and G H that gives the same values of the planar device without the

nano-grating ARC. While the black dotted circles defines the GW and GH values
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43
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3.21

(a) Short-circuit current density generated in c-Si (black circles) and perovskite (red

triangles) subcells as a function of the thickness of the top active layer (perovskite

layer). (b) Spectral evolution of the absorbance in each subcell of a typical mono-
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Evolution of the z—component of the magnetic field, given as the ratio |H(y)/Hin|,

as a function of the distance from the metal/dielectric interface (y = Opm). Light

1s coming from the right. The dashed black line corresponds to A = 1.337um, and
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shows how resonances extend difterently within the analyte medium. The insets

represent the maps of the modulus of the magnetic field for the three cases. The

dashed white lines in these maps locate the lines where the profiles are plotted. |
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(b) Temperature distribution within the structure for the resonant (A = 1.351 pum)

and non-resonant (A = 1.400 ym) wavelengths. |. . . . .. ... ...

5.4 (a) Variation of the resistance of the structure as a function of wavelength. (b)

| Variation of the resistance with the index of refraction ot the analyte when the struc-

ture is illuminated on resonance (A = 1.351 pm). The linear fitting in the interval

ne € [1.331,1.336] defines a value of sensitivity, Sp = 10.45 Q/RIU. (c) Variation

of the sensitivity, Spg, as a function of the index of refraction of the analyte, n,. (d)

Dependence of the FOM in terms of n,. The open circles in (b-d) denote the eval-

| uated values, and the solid lines represent an interpolation of these dependences.

| The vertical dotted lines in (b-d) show the range in the index of refraction, ng,,

| where the system is linear.|. . . . . . . . . . ... L o
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LisT oF FIGURES

[>.5 (a) Standard perovskite material arrangement. (b) Modified design for sensing

applications, where the top I'T'O contact is replaced with an Ag layer and a dielectric

grating with triangular shape with the top medium above the cell with refractive

index ng. In both cases, light is coming from top oscillating in Z direction and

propagating in —Y direction, the 2D cross section of the structure is contained in

the XY plane, as seen the the coordinate inset in the top middle. The insets in

dashed rectangles show the mechanisms at play in this structures.| . . . ... . ..

5.6 (a) Optical absorption in the active layer and top contact for the planer perovskite

solar cells. (b) Spectral reflection for this two planer cases without grating. (c)

The absorption in perovskite layer (red line), absorption in Ag top contact (blue

line) and the total reflectance of the whole device (black line) for the proposed design

with Ag/grating layer. (d) Magnetic field maps for the device with ITO (left), Ag

only (middle), and Ag+grating (right) at the resonance wavelength A\ = 610 nm,

| showing how light reaches the active layer only in the case of ITO and Ag+grating.

| The case with Ag only does not transmit light to the active layer significantly.

128

[5.7 (a) Optical absorption in the perovskite layer with the grating parameters GW, and

| G H for a fixed Period P 600 nm at a single wavelength at, A = 610 nm, using TM

polarized light of 1 A/m amplitude the highlighted black dashed circle defines the

location of the point where the absorption in perovskite is maximized. (b) The ab-

sorption in perovskite layer (red line), absorption in op contac ue line e
ption in p kite layer (red line), absorption in Ag top contact (blue line), th

total reflectance of the whole device (black line) for the optimized geometry, and

the absorption in perovskite layer (brown dashed line) for the arbitrarily selected

| geometry before optimization.|. . . . . . . .. ... oL L
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5.8 (a) Effect of the period of the grating P, on the wavelength, of resonance. The res-

onant wavelength is proportional to the period of the dielectric grating P. (b)

| Effect of the thickness of the metal layer on the spectral relevance of the SPR. The

optimum thickness, to, = 50 nm, is plotted as a dashed line[ . . . .. ... .. ..

5.9 (a) Spectral responsivity of the optimized device for different values of the refractive

index of the analyte medium, n,. (b) Resonance wavelength in terms of the refrac-

| tive index change. It shows a linear behavior through the whole scanned refractive

| Index Tange. . . . . . . .. L e e e e e e e e e e
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5.10 (a) Layer structure of a perovskite solar cell. The cell is illuminated through the

SiOy (glass) substrate. From top to bottom: air, glass (SiO2, tsio, = 3 mm), top

electrode (ITO, tito = 70 nm), buffer layer (TiOs, tTi0, = 30 nm), active layer

(perovskite (MAPDI3), tperovs = 300 nm), buffer layer (fspiro = 160 nm), and bottom

electrode (ta, = 200 nm). (b) Spectral absorption of active layer for two indices

of refraction of the outer medium, n, = 1.0 and n,=1.1. (c) Responsivity, R as a

| function of n,. The sensitivity of this device is given by the slope of the linear fit:

[ 95 =70 mA/(WRIO).| . - . . . . ... . .. T
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List of Figures

Bl

(a) Layer structure of a perovskite solar cell where the top electrode has been

replaced by a nanostructured metallic layer having a thickness of tA, = 150nm. A

periodic grating with subwavelength period, p = 37b nm, and apertures, GW =

o0 nm, allows light tunneling towards the active layer of the cell. The inset at

the left show three maps of the Poynting vector where we see how the power is

directed towards different portions of the solar cell for A1, A, and Aryr. (b) Spectral

reflectance of the structure (black dotted line), and spectral absorption of the active

layer (red solid line). Both the spectral absorption and reflectance show three peaks

(I, II, and III) at A\ = 385 nm, A;; = 715 nm, and Ajp = 783 nm. (c) Electric

field distribution for the same wavelengths considered in (a) and (b). The three

resonances show their maximum amplitude at difterent layers within the solar cell. | 136

5.12

Maps of the absorption at the perovskite active layer, A,erov, In terms of the height

(GH) and width (GW) of the slits, maintaining the thickness of the metal layer, and

the grating period. Each map corresponds to one of the three spectral resonances

centered at A1, Ar7, and Arrp. There are two maxima for Arp, labeled as # II-wide and

# II-narrow according to the width of the slit. The value of Ayerov 1S given for every

optimum design. We have represented these plots using color maps with different

ranges to emphasize the variations for each case. Therefore, the comparison between

maps should consider the applicable ranges. The optimum designs are marked and

5.13

Spectral absorption in the active layer for the optimum geometrical parameters at

the three resonant wavelengths. the absorption in the active layer for the design

with the arbitrary selected geometry is included for each case to show the effect ot

the optimization process . | . . . . . . . . . . e

B.14

Spectral absorption for the four optimized designs at the three resonant wavelengths.

These absorptions are calculated tor two values of the index ot refraction of the

analyte, n, = 1.0 and 1.1. The vertical blue dotted line represents the wavelength

of resonance for n, = 1.0, and 1.1. A\ is the spectral shift of the resonance when

varying the index of refraction, and A/ shows the variation in absorption at the

perovskite active layer. | . . . . .. . ... o

(a,b,e,f) Variation of the responsivity, R, as a function of the index of refraction

of the analyte, n,, for the four optimum design selected in this paper. A linear

fitting for the range in the index of refraction where the variation in the current is

almost linear line, The slope of the fitting give the average value of the sensitivity

of the device, Sp within this range. (c,d) is a zoom for the data in (a,b) for a small

variation in the index of refraction of air (7. e. ng,=1). This change represent the

case when small amounts of gas inserted in air. Some possible gases that could be

detected are placed on the vertical dashed red lines in (c,d). | . . . ... ... ...
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