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Abstract

To mitigate the present environmental crisis, caused by the excessive use of fossil
fuels and associated release of carbon dioxide into the atmosphere, it is necessary to
significantly reduce worldwide energy consumption, to rely more strongly on clean and
renewable sources of energy, but also to maximize energy efficiency in currently existent
technologies that make use of energy. To reach such maximal energy efficiency, it is
necessary to optimize light propagation, harvesting, and utilization in the different exis-
tent optoelectronic technologies. Given that a considerable portion of the global energy
consumption is dedicated to illumination or devices incorporating illumination sources
in them, a clear path to maximize energy-efficiency would imply minimizing the light
losses in such kind of systems. In addition, for maximal energy conversion efficiency it
is essential to optimize light absorption in systems that perform an unassisted sunlight
transformation into other forms of energy, such as electrical or chemical.

To reach the double goal of optimizing light utilization and transformation, in this
thesis we consider the study of optical ergodic configurations, where light rays are ran-
domized after a few bounces at the interfaces, losing any correlation with the external
incident state and giving rise to an isotropic radiation inside the material. In Chapter 2 of
the thesis, we demonstrate that an ergodic geometry can be used to obtain homogeneously
distributed polarized light emission. In the same ergodic system, we also demonstrate that
the light with the unwanted polarization can be trapped and transformed back into elec-
tricity by using a couple of perovskite solar cells. Such features are potentially useful to
increase energy efficiency in optoelectronic devices incorporating illumination sources in
them, as is the case of liquid crystal displays. A similar ergodic light propagation is also
considered in Chapter 3 to determine what the maximal light trapping and effective light
absorption is in a BiVO4-based photoanode of a photoelectrochemical cell used for light
transformation into hydrogen. The limits in the efficiency of such energy transformation
are seen to be strongly linked to the weakly light-absorbing sub-bandgap states. A three-
dimensional nano-structuration of the photoanode in the photoelectrochemical cell is ex-
plored as a path to eventually reach ergodicity for light propagation in the photoanode.
In the final chapter of the thesis, we consider a tandem construction of two complemen-
tary light absorption elements, such as a BiVO,4 photoanode and an organic solar cell, to
obtain an unassisted conversion of sunlight into hydrogen in photoelectrochemical cells.
Optical multilayers designed by implementing an inverse problem-solving approach are
found to be an essential ingredient to properly balance light absorption among such two
light-absorbing elements in the tandem, leading to an optimal solar-to-hydrogen conver-
sion.
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Resumen

Para mitigar la actual crisis ambiental, provocada por el uso excesivo de combusti-
bles fésiles y la consiguiente liberacion de didxido de carbono a la atmdsfera, es necesa-
rio reducir significativamente el consumo mundial de energia, confiar més en fuentes de
energia limpias y renovables, pero también maximizar la eficiencia energética en las tec-
nologias actualmente existentes que hacen uso de la energia. Para alcanzar tal eficiencia
energética maxima, es necesario optimizar la propagacion, recoleccion y utilizacion de la
luz en las diferentes tecnologias optoelectronicas existentes. Dado que una parte conside-
rable del consumo energético mundial se dedica a la iluminacién o a dispositivos que in-
corporan fuentes de iluminacidn, un camino claro para maximizar la eficiencia energética
pasaria por minimizar las pérdidas de luz en este tipo de sistemas. Ademads, para obte-
ner la mdxima eficiencia de conversion de energia, es esencial optimizar la absorcién de
luz en los sistemas que realizan una transformacién de la luz solar, sin aplicar un voltaje
externo, en otras formas de energia, como eléctrica o quimica.

Para alcanzar el doble objetivo de optimizar la utilizacién y transformacién de la luz,
en esta tesis consideramos el estudio de configuraciones dpticas ergddicas, donde los ra-
yos de luz se aleatorizan tras unos pocos rebotes en las interfaces, perdiendo cualquier
correlacién con el estado incidente externo y dando lugar a un radiacién isotrépica en
el interior del material. En el Capitulo 2 de la tesis, demostramos que se puede utilizar
una geometria ergédica para obtener una emision de luz polarizada homogéneamente
distribuida. En el mismo sistema ergddico, también demostramos que la luz con la pola-
rizacién no deseada puede atraparse y transformarse de nuevo en electricidad mediante
el uso de un par de células solares de perovskita. Tales caracteristicas son potencialmente
utiles para aumentar la eficiencia energética en dispositivos optoelectrénicos que incor-
poran fuentes de iluminacion en ellos, como es el caso de las pantallas de cristal liquido.
Una propagacidn de luz ergddica similar también se considera en el Capitulo 3 para de-
terminar cudl es la captura de luz maxima y la absorcién de luz efectiva en un fotodnodo
basado en BiVO, de una celda fotoelectroquimica utilizada para la transformacién de luz
en hidrégeno. Se considera que los limites en la eficiencia de dicha transformacién de
energia estdn fuertemente vinculados a los estados de energia inferior al gap del material,
que absorben débilmente la luz. Se explora una nanoestructuracién tridimensional del
fotodnodo en la celda fotoelectroquimica como un camino para alcanzar eventualmente
la ergodicidad para la propagacion de la luz en el fotodnodo. En el capitulo final de la
tesis, consideramos una construccion en tindem de dos elementos de absorcion de luz
con perfiles de absorcién complementarios, como un fotoanodo de BiVO, y una celda
solar orgédnica, para obtener una conversion no asistida por un voltaje externo de luz solar
en hidrégeno en celdas fotoelectroquimicas. Se ha descubierto que la implementacion
de multicapas 6pticas disefiadas con el objetivo de optimizar la absorcién de luz son un
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Resumen

ingrediente esencial para equilibrar adecuadamente la absorcién de luz entre los dos ele-
mentos absorbentes de luz en el tindem, lo que lleva a una conversién dptima de energia
solar a hidrégeno.



Resum

Per a mitigar I’actual crisi mediambiental, causada per 1’ds excessiu de combustibles
fossils i I’alliberament associat de dioxid de carboni a I’atmosfera, €s necessari reduir
significativament el consum d’energia a escala mundial, confiar més en fonts d’energia
netes i renovables, perd també maximitzar 1’eficiencia energetica en les tecnologies actu-
alment existents que utilitzen I’energia. Per assolir aquesta eficiéncia energeética maxima,
és necessari optimitzar la propagacié de la llum, la recol-leccié i la utilitzacié en les
diferents tecnologies optoelectroniques existents. Ates que una part considerable del
consum global d’energia es dedica a la il-luminacié o dispositius que incorporen fonts
d’il-luminacié en ells, un cami clar per maximitzar I’eficiéncia energetica implicaria mi-
nimitzar les perdues de llum en aquest tipus de sistemes. A més, per a una eficiéncia
maxima de conversié d’energia, és essencial optimitzar I’absorcié de llum en sistemes
que realitzen una transformacié de la llum solar no assistida en altres formes d’energia,
com ara I’electricitat o la quimica.

Per assolir el doble objectiu d’optimitzar la utilitzacié i transformacié de la llum, en
aquesta tesi considerem 1’estudi de configuracions ergdodiques optiques, on els raigs de
Ilum sén aleatoris després d’uns quants rebots a les interficies, perdent qualsevol cor-
relaci6 amb I’estat d’incidéncia extern i donant lloc a una radiacié isotropica dins del
material. En el Capitol 2 de la tesi, es demostra que una geometria ergodica pot ser uti-
litzada per obtenir una emissié de llum polaritzada distribuida homogeniament. En el
mateix sistema ergodic, també demostrem que la llum amb la polaritzacié no desitjada
pot ser atrapada i transformada de nou en electricitat utilitzant dues cel-lules solars de
perovskita. Aquestes caracteristiques son potencialment utils per augmentar I’eficiéncia
energetica en dispositius optoelectronics que incorporen fonts d’il-luminacié en ells, com
és el cas de les pantalles de cristall liquid. Una propagaci6 de llum ergodica similar també
es considera en el Capitol 3 per determinar quina és la maxima captura de llum i I’absor-
ci6 de llum efectiva en un fotoanode basat en BiVO, d’una cel-lula fotoelectroquimica
utilitzada per a la transformacié de la llum en hidrogen. Els limits en I’eficiencia d’aques-
ta transformaci6 d’energia es veuen fortament vinculats als estats subbanda prohibida de
feble absorci6 de llum. Una nanoestructura tridimensional del fotoanode en la cel-lula
fotoelectroquimica s’explora com un cami per arribar finalment a I’ergodicitat per a la
propagaci6 de la llum en el fotoanode. En el capitol final de la tesi, es considera una
construccid en tandem de dos elements d’absorcié de llum complementaris, com un fo-
toanode BiVOy i una cel-lula solar organica, per obtenir una conversié de la llum solar en
hidrogen en c¢l-lules fotoelectroquimiques. Es troba que les multicapes optiques disse-
nyades per implementar un enfocament invers de resolucié de problemes sén un ingredi-
ent essencial per equilibrar adequadament 1’absorcid de llum entre aquests dos elements
absorbidors en el tandem, portant a una conversié optima d’energia solar a hidrogen.
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Chapter

Introduction

1.1 Current energy status

The rapid growth of the world’s population, the development of industries, the im-
provement in living standards, and the massive transportation of people and goods are
leading to a practically continuous increase in global energy consumption, which in 2021
achieved a new record.'~

As seen in Figure 1.1 a), a significant fraction of this energy, more precisely 82%,
is obtained through the burning of fossil fuels, such as coal, oil, and natural gas. The
extensive use of these energy sources does not constitute a sustainable path to meet the
global energy demands owing to the limited availability of fossil fuels but mainly due to
the large emissions of greenhouse gases, such as carbon dioxide (CO,), associated with
their use.>*° As seen in Figure 1.1 b), the amount of CO; released to the atmosphere
from fossil fuels’ burning keeps increasing over the years and it already represents three-
quarters of the total CO, emissions.”* This poses a serious threat to the planet since it
directly contributes to a climate emergency. As seen in Figure 1.1 ¢), the global surface
temperature has been continuously raising during the last decades, being the past nine
years the warmest ever recorded. We are, therefore, facing a very alarming scenario with
possibly disastrous environmental consequences, which include more frequent and severe
extreme climate events, such as heatwaves, heavy rainfall or droughts, or the retreat of
glaciers with subsequent raise of the sea level, which can induce major changes in the
ecosystems and lead to the extinction of several species.”’

To mitigate such environmental crisis, global energy consumption should largely rely
on clean and renewable energy sources, such as solar, wind, or hydrothermal, while en-
ergy waste must be reduced to a minimum. Provided that a significant fraction of the
world's present energy consumption goes into illumination sources or devices that incor-
porate illumination sources in them,®? it becomes essential to make an appropriate use of
the light to minimize losses in the currently available devices. In addition, optimal light
absorption must be targeted in systems that transform sunlight into other forms of energy
to achieve maximum conversion efficiency. Therefore, the design of energy-efficient sys-
tems capable of mitigating light losses and maximizing light harvesting and conversion
is crucial to make a more sustainable use of the energy resources.
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Figure 1.1: a) Total world energy consumption during the last two decades, by source type. Adapted from
Reference 1. b) Total CO; emitted from the burning of fossil fuels between 1990 and 2021. Adapted from
Reference 4. c) Global surface temperature variation relative to the average of the period 1880-1920. From
Reference 5.

1.2 Route to optimize light absorption and utilization

1.2.1 Minimize light losses

Currently, energy efficiency in illumination sources or in most of the optoelectronic
technologies integrating illumination sources is far from optimal, provided they either
suffer from a poor light usage or from significant light losses. In particular, in some
devices incorporating a liquid crystal display (LCD), such as smartphones, computers,
and televisions, more than 90% of the light emitted by the source ends up being lost in
the different optical components of the display.!’~'> The use of absorbing polarizers to
provide the linearly polarized illumination needed for the image formation is the main
responsible for this waste of energy, accounting for at least 50% of light loss.® '3~15 Cur-
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rent strategies to reduce such a light waste involve the incorporation of a dual brightness
enhancement film,'>!%17 composed of hundreds of nanolayers alternating isotropic and
birefringent polymers, or the integration of a conversion element, such as a prism film or
a diffuser plate,'’~'” which can convert the polarization of the light into the desired one
but require the use of more complex lithography techniques and have limited efficiency.

An alternative approach is to use a luminescent solar concentrator’’->* that relies on
fluorescent organic dyes> >’ or quantum dots’® 2 to selectively absorb light with a given
polarization and re-emit it at a longer wavelength via photoluminescence. This re-emitted
light is then guided towards the edges of the luminescent solar concentrator, where small-
area photovoltaic (PV) cells are incorporated for the conversion of the light photons into
an electric current. Although this is a very promising configuration for the reduction
of optical losses, by avoiding parasitic absorption and reusing the light with unwanted
polarization, its application to LCDs requires the fluorescent materials to emit into the
deep red and near-infrared spectral region, to make full use of the incident light and to
avoid a potential corruption of the image.** This resulted in very low power conversion
efficiencies for the devices experimentally tested.!3?

To overcome such an issue, in the present thesis, we will depart from this latter
approach to design an optically efficient guiding structure capable of transmitting dif-
fuse and polarized light by combining an ergodic geometry, described in detail in Sec-
tion 1.4.1, with a multilayer reflective polarizer. As we will demonstrate, the discarded
polarization component will be trapped very effectively inside this guiding structure and
guided to the edges where small-area PV cells are incorporated, as in the design of the lu-
minescent solar concentrator. To achieve maximal conversion efficiency for the recycling
of this stray light, perovskite (PVK) solar cells will be used as the conversion element.
This kind of PV cell exhibits the ideal characteristics to effectively recycle light in op-
toelectronic devices illuminated by visible light sources, which include a broad bandgap
tunability,>*~>’ low open-circuit voltage (V) losses*>*! and efficient photon to collected
electron-hole pair conversion.*?

Therefore, by combining ergodicity, light trapping, and an efficient recycling of the
unused light back into electricity we will be able to propose an efficient design to signif-
icantly reduce energy losses in the currently available LCDs.

1.2.2 Enhance light absorption

In a system that, instead of using light for illumination, transform it into another
form of energy, a better utilization of such light energy is also needed to enhance the
efficiency of the different energy transformation processes. In particular, this thesis will
focus on devices capable of converting solar energy into two usable forms of energy, such
as electrical or chemical energy. While the first kind of energy conversion is achieved
by the use of PV cells, the last requires the utilization of photoelectrochemical (PEC)
devices. The operation principles associated with each one of these technologies can be

(8}
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found in Section 1.3. For both cases, the conversion efficiency is strongly linked to the
light absorption capability, so the design of energy-efficient devices demands optimal
harvesting of the incident sunlight photons. This is a challenging task, especially in thin-
film PV and PEC technologies, that require the use of very thin absorbing layers to ensure
proper separation and extraction of the charge carriers while avoiding recombination.
Hence, advanced optical techniques must be employed to maximize light absorption and
conversion in this sort of devices, as discussed in Section 1.4.2.

This kind of techniques has been widely employed to enhance light harvesting in
PV cells,**=! but fewer studies were dedicated to optically increasing the performance
of PEC devices by tailoring light propagation and absorption.”>%" The current thesis
focuses on the design of energy-efficient photoanodes for the water-splitting reaction,
with optimal light distribution and maximal absorption. In particular, bismuth vana-
date (BiVO4 (or BVO)) is considered as the semiconductor photoanode material, since it
presents a relatively narrow bandgap, in addition to being earth-abundant, non-toxic, and
highly stable in neutral and basic electrolytes.’’-°!-%> However, such kind of photoanodes
are not capable of performing spontaneous gas evolution, without the need for an external
voltage source, given that the conduction band of the BVO is located slightly below the
thermodynamic potential for water reduction.””-%*% To tackle this issue, tandem archi-
tectures in which the photoanode is connected to a photovoltaic cell that provides enough
voltage to accomplish bias-free water splitting have been studied. To date, relatively high
solar-to-hydrogen conversion efficiencies have been achieved in systems where the BVO-
based photoanode was nanostructured to enhance light absorption.’”->%0 However, the
high light scattering losses in the BVO, mostly caused by the nano-structuration, prevent
the implementation of an ideal compact tandem structure and require more complicated
designs.

Therefore, after a first study on the limit absorption and photocurrent generation of
BVO photoanodes when in the presence of an optimal light trapping, we focus on the
design of an optimal compact tandem PEC cell for unassisted water splitting, based on
transparent BVO photoanodes. To reach maximal bias-free solar-to-hydrogen (STH) con-
version efficiency, we will combine such transparent photoanodes with an organic photo-
voltaic (OPV) cell that has a complementary absorption profile to the one of the BVO. In
addition, we will integrate a multilayer structure, properly optimized to ensure a perfect
balance of the light among the absorbing elements and a maximum absorption in the BVO
photoanode. Hence, we will demonstrate that optimal light harvesting and distribution is
key to maximizing the conversion efficiency for different BVO-based devices.

1.3 Devices for light energy transformation

Common to all the designs proposed in this thesis is the incorporation of devices
for the transformation of light energy into another usable form of energy. Indeed, all
the devices proposed either incorporate PV cells for the conversion of light photons into
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an electrical current, and/or PEC cells for the production of a solar fuel, such as hydro-
gen. The operating principles of both technologies share some common points and are
described below.

1.3.1 Operating principles of photovoltaic cells

Photovoltaic cells are devices that rely on the photovoltaic effect to convert light
into electricity, as schematically shown in Figure 1.2. When a photon reaches the semi-
conductor active layer of a PV cell with an energy hv superior to its bandgap FE,, it is
absorbed in the material and generates an electron-hole pair (1). Such photocarriers are
intended to diffuse through the semiconductor until they encounter an energy barrier that
may separate charges of opposite sign (2). This energy barrier can be formed by the
junction between two semiconductors selectively doped with electrons (n-type) and with
holes (p-type), as in the case of the p-n junction solar cells, or it can be created by the
inclusion in both sides of the semiconductor material of two additional layers capable of
blocking the transport of electrons or holes, as occurs for the p-i-n or n-i-p devices. When
connecting an external load, the charge carriers are extracted from the solar cell and an
electric current is generated (3).66-67

O, @ ®
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. CB Semiconductor ,f Semiconductor
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Figure 1.2: Illustrative scheme of the working mechanism of a PV cell. VB and CB stand for the semicon-
ductor valence and conduction bands, respectively.

A typical current density - voltage (J-V') curve obtained from a PV cell is shown in
Figure 1.3 a). The main electrical parameters characterizing the solar cell performance,
such as the short-circuit current density (Js.), the open circuit voltage, the fill factor (FF)
and the power conversion efficiency (PCE), can be extracted from these curves.

In particular, the Jg. is the current per unit area that flows through the cell when this
is short-circuited, i.e. when V' = 0. The Jg is proportional to the photon absorption in
the active layer of the PV cell, Aag, to the photon-to-current conversion efficiency, 74,
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Figure 1.3: Illustrative example of a J-V curve obtained for a solar cell under light irradiation, with the
main PV electrical parameters indicated.

and to the incident photon flux, ®.
Te=a [ @) An (0 04 dr = [ 2OIEQE(Y) dx (11)

In the previous equation, the wavelength-dependent external quantum efficiency (EQE)
corresponds to the ratio between the collected photo-generated carriers and the number
of incident photons.

The V. is the voltage measured when no current flows through the external circuit,
so J = 0. For cells presenting an ideal diode behavior, this voltage is dependent on the
Jsc and on the radiative (J;,q) and non-radiative (Jyon_raq) recombination dark currents,
according to the Shockley-Queisser model:3?-6%-%

kgT < Jsc > kT < Jsc > kT
Vie & In - In 1 m(QY), (1.2
q Jrad + Jnon—rad q Jrad q (Q )

where QY is the cell’s external fluorescence quantum yield, corresponding to the ratio
between the number of photons re-emitted by the active layer or escaping the cell and the
number of incident photons absorbed at the active layer. In the absence of non-radiative
photogenerated carrier recombination, QY = 100%, the last term of equation (1.2) van-
ishes and the V. of the cell is maximum. In this case, the PV cell is operating at the
radiative limit and its open circuit voltage Vi raq is given by

6
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kpT Jsc
Voc rad — 1 , 1.3
Ty n<QIfAAL()\,9) BB()\) df d/\> (1.3)

where BB(\) is the blackbody radiation spectrum of the solar cell and € it the angle of
photon emission .

The FF, on the other hand, is defined as the ratio between the maximum power deliv-
ered by the PV cell (Pyax), which is the power measured at the maximum power point
(MPP), and the product of V,,. and Jg. It characterizes how “rectangular” the J-V curve
is and is affected by the electrical non-idealities of the device

Poax  Jupp Vmpp

FF = =
JSC VOC JSC VOC

(1.4)

Finally, the PCE is the typical indicator for benchmarking the performance of solar
cells and corresponds to the ratio between the maximum generated power and the incident
sunlight power, which is 100 mW/cm? for standard AM1.5G illumination, and can be
written as a function of the measurable parameters of the J-V curve as

Prax _ Jsc Voo FF

PCE = = .
Psunlight Psunlight

(1.5)

The efficiency of a PV cell can be increased, for instance, by using semiconductor
materials with improved absorption above the bandgap, or by eliminating non-radiative
recombination losses and electrical non-idealities in the device.

1.3.2 Operating principles of PEC cells for water splitting

Photoelectrochemical water splitting is a process that uses sunlight to generate molec-
ular hydrogen and oxygen from water, through the reaction:

2H>0 — 2Hs + Oy (1.6)

It has gained increased attention in recent years as a means to store solar energy in
chemical bonds since the hydrogen produced in this reaction can be stored and later used
as a solar fuel.

The basic mechanism of PEC water splitting is illustrated in Figure 1.4. Similar to
what happens in PV cells, this process is initiated by the absorption of a photon and by the
creation of an electron-hole pair in a semiconductor material that acts as photoelectrode,
provided the energy of such photon is higher than the bandgap of the semiconductor (1).
These charge carriers are then separated, and if they do not suffer recombination, they
are driven to the surface of the respective electrode (2) to perform the corresponding

7



1. Introduction

®
®

®

e ® | @ } | (®)

DH<T:
¢
HZ

-® 1©- ®

. pH>T:
\~ ( HZO
@ ® @ @ \H,
Photoelectrode Anode Cathode Anode Cathode

Figure 1.4: Illustrative scheme of the working mechanism of a PEC system for water splitting.

water splitting half-reaction. In particular, holes migrate to the surface of the anode and
participate in the oxygen evolution reaction (OER) (3a), described by

2H,0 + 4h™ — Oy +4H™ (1.7)
if the medium is acidic, or by
40H™ +4h" — 02 4 2H,0 (1.8)

if the medium is alkaline.
On the contrary, electrons are driven to the surface of the cathode to perform the
hydrogen evolution reaction (HER) (3b), given by

2H" +2¢~ — Hy (1.9)
or by

2H50 4+ 2e~ — Ha + 20H™ (1.10)

for acid and alkaline media, respectively.”""!

At standard temperature (298 K), pressure (1 atm) and ionic concentration (1 mo-
lar) the overall water splitting reaction has a Gibbs free energy of +237 kJ per mol of
produced H;, which means that to overcome the thermodynamic threshold for the reac-
tion, each electron must be given a potential energy equivalent to 1.23 eV.”>~’# In other
words, at standard conditions, spontaneous water splitting requires a potential difference
between cathode and anode of at least 1.23 V. However, higher voltages are needed to
overcome the various losses and inefficiencies in the PEC systems.”!7>77
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Figure 1.5: Comparison between a) a case where the PEC system is not capable of spontaneously perform-
ing the reaction and b) an example where spontaneous water splitting occurs in the presence of sunlight,
generating a current density Jhias—free-

Representative examples of J-V curves obtained for PEC devices under illumination
can be seen in Figure 1.5 and provide important information about the water splitting
capability of a given system. For instance, in the case of curve (a) the PEC cell cannot
perform the water splitting reaction powered solely from sunlight irradiation and a volt-
age equal to or higher than the onset potential V5.t must be provided by an external bias
source. In contrast, for curve (b) the onset potential is negative and a current Jyias_free
is generated when no voltage is applied to the system, which means that the PEC system
is capable of performing unassisted water splitting in the presence of sunlight. The mag-
nitude of this photocurrent is related to the rate of the water splitting reaction and to the
production of hydrogen and oxygen, and is key to determine the efficiency of the PEC
water-splitting process. Such efficiency is typically described by the STH conversion ef-
ficiency under zero-bias conditions, which corresponds to the ratio between the rate of
hydrogen production and the incident sunlight power, and is calculated as follows’!:7%7%

Jbiasffree x 1.23 x FE

STH =
Psunlight

(1.11)

i

where FE is the faradaic efficiency, defined as the ratio between the experimentally mea-
sured amount of hydrogen produced and the theoretical one estimated from Faraday’s

law 80,81

9



1. Introduction

1.3.3 Power conversion using different light sources

The power conversion efficiency of the PV and PEC devices is strongly linked to the
spectral distribution and intensity of the light source used. This is particularly evident in
equation (1.1), which relates the Js. to the wavelength-dependent incident photon flux,
D(N).

When the light source is the sun, the incident photon flux for sunlight irradiation
on the surface of the Earth is standardized to the AM1.5G spectrum of Figure 1.6. In
this case, the maximum power conversion efficiency achievable for planar configuration
single-junction PV cells can be determined from the Shockley-Queisser detailed balance
theory.®-82 For PEC systems where the light source is also the sun, more complicated
models have been developed to account for the different kinds of losses, that include non-
radiative recombination, non-idealities in charge transport, or imperfect catalyst kinetics,
in various configurations comprising a different number of absorbing materials.”>83-8

E (eV) 4;0 3;5 3.0 25 2.0 1.5 1.0 0.5

1.6

1.2

0.8 4

0.4+

Solar irradiance (x10° W/m?)

0.0 T T T T
A (nm) 500 1000 1500 2000 2500

Figure 1.6: AM1.5G spectrum of the solar irradiance that reaches the surface of the Earth as a function of
light energy E (top axis) and wavelength A (bottom axis).

On the other hand, when using a monochromatic light source, such as a laser or a
diode, to illuminate the PV or PEC devices, the PCE limits set for sunlight irradiation
can be largely surpassed. Indeed, when the bandgap of the semiconductor materials used
is well matched with the energy of the incident photons, the thermalization losses are
minimized and the conversion efficiency can be boosted.3*-%

Therefore, as it will be discussed in subsequent chapters, the choice of the absorbing
materials to be employed as active layers for the PV or PEC systems must always take
into consideration the profile of the incident light source, to achieve maximal energy-
efficiency for any given kind of systems.
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1.4 Optimal light propagation for energy-efficient devices

As previously mentioned in the beginning of this introductory chapter, the pursuit for
energy efficient devices entails the optimization of light absorption and utilization. To
achieve such a goal requires the control and manipulation of the light propagation inside
the different materials, as well as the utilization of advanced structures tailored to re-
duce light losses or to enhance energy conversion efficiency. A promising route to design
such structures involves taking advantage of ergodicity to allow light waves to explore
and interact with different regions of the material in a statistically representative manner.
Alternative approaches include the use of photonic configurations capable of optimally
distributing the light inside the devices and trapping it in their active layers to promote
enhanced light absorption and conversion.

1.4.1 Ergodic propagation of light

In ergodic geometries, light rays are randomized after a few bounces at the interfaces,
losing any correlation with the external incident state, and giving rise to an isotropic ra-
diation inside the material, as illustrated in Figure 1.7. The use of such geometries is key
to achieve maximal light trapping and an effective light absorption, as demonstrated in a
landmark work published by Yablonovitch.”>°! On the other hand, the randomization of
the light rays and the isotropic light propagation promoted by such ergodicity may also
play a crucial role in different devices that require, for instance, the emission of diffuse
and homogeneously distributed light.

a) \\ // Non-ergodic geometry b) II Ergodic geometry

Figure 1.7: Examples of a) non-ergodic and b) ergodic geometries, comparing the trajectories of two differ-
ent light rays propagating inside each of the geometries.

To achieve such an ergodicity in light propagation, random surface texturing of one
or more interfaces of the material’®®? is typically required. Nevertheless, works in-
volving incorporation of ordered or periodic structures such as micro-lenses,”* > micro-
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96,97 99,100 101,102

prisms, micro-domes,**°® lenslet arrays, optical fibers, or a half-cylinder
photonic plate (h-CPP)'% in the front interface of thin-film solar cells have demonstrated
increased light trapping and absorption in the active layer made of a semiconductor ma-
terial.

However, only in reference 103, which considered a half-cylinder photonic plate
composed of a periodic array of interconnected half-cylinders placed on top of a glass
substrate, the ergodicity was rigorously demonstrated. To study the effect that ergodicity
would have in light propagation and absorption, a highly reflective mirror was placed on
the opposite side of the glass, assuming the light was entering from the curved surface
of the photonic plate, as illustrated in Figure 1.8 a). As clearly seen in such a figure,
the trajectories of the rays are strongly affected by the incident angle and position where
the incoming ray enters the h-CPP. A cumulative distribution function between two con-
secutive reflections of the same ray, Af, is shown in Figure 1.8 b), independent on the
input ray parameters. This result proves the ergodicity in ray propagation relative to the
geometrical redistribution of the ray trajectories inside the h-CPP, meaning that any re-
gion of the phase space of the ray trajectories can be visited regardless of the ray input
parameters.

a) b)1.0
0.8

0.6

CDF

0.4

0.2

0.0 f T T T

Figure 1.8: a) Simulated ray trajectories for two light rays entering the h-CPP at different points (not at
scale). b) Cumulative distribution function of Af, computed over a series of ray segments. Figures are
taken from Reference 103.

The use of these ergodic geometries is of great importance in the design of energy-
efficient devices with high energy conversion efficiency and reduced losses. Such geome-
tries may act as a mechanism to efficiently disperse light and transmit it in a homogeneous
manner, or they may be employed to reach the limits of light absorption, as will be dis-
cussed in the following section.
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1.4.2 Light absorption limit

The ability of a material to absorb energy is described by its wavelength-dependent
absorption coefficient, .. In principle, a maximal light absorption, A, can be achieved
for infinitely thick materials with o > 0, as the absorption scales with the thickness of
the material, d, according to the expression

A=1— e (1.12)

that is valid when d is much larger than the wavelength of the incident light.

However, thickening the materials is not always a feasible route. For many thin-
film PV and PEC technologies, the thickness of the absorbing layer is limited by other
thickness-dependent parameters, such as the exciton diffusion length, responsible for an
efficient charge extraction. For this reason, different approaches targeting the increase of
the effective light path inside thin absorbing layers, by either exploiting wave interference
or trapping of the light by geometrical structures, have attracted significant attention in
the field of photovoltaics and to a lower degree in the field of photoelectrochemistry.

A theoretical upper limit for light absorption due to light trapping in a material with
refractive index n and finite thickness d, larger than the wavelength of the incident light,
was set by Yablonovitch.”>°! The model developed adopted a statistical ray optics ap-
proach, by assuming an ergodic propagation of the light inside a textured absorbing layer
for which ad < 1. To determine the limit absorption in such a layer, the principle of
the detailed balance was employed in a configuration incorporating a perfect reflector on
the back, where the losses at the boundaries were neglected. As a result, a maximum
enhancement in light absorption of 4n? was estimated to be achievable by means of ray
optics light trapping.

This limit set by Yablonovitch is a benchmark parameter to evaluate the light absorp-
tion capability of different material designs. For this reason, several works were dedi-
cated to the search of optimal structures that could approach such a limit, either by consid-
ering periodic'**!!* or random!>~!!7 texturing of the material interfaces. In some cases,
that considered thin materials operating under the wave optics regime, !¢ 107115, 118,119
highly absorptive materials,'’’ or scattering features smaller than the wavelength of the
light, 05129121 for which the assumptions made by Yablonovitch are no longer valid,
some resonances were obtained for very specific angle-wavelength combinations, for
which this 4n? limit was slightly surpassed. However, when averaging the absorption
enhancement over the whole angular and wavelength space, the results always ended up
falling under the ray optics limit.

1.4.3 Light propagation at different length scales

In the present thesis the focus is on the design and optimization of highly energy-
efficient devices, targeting maximal light harvesting and utilization, with reduced losses.
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As outlined in the two preceding sections it is of utmost relevance the search for ge-
ometries capable of promoting an ergodic propagation of the light rays and/or that may
eventually lead to the absorption limit of the light for a broadband wavelength range.
Indeed, we will demonstrate that some of the strategies presented in the two preceding
sections allow for tailoring the light transmission and propagation, as well as the maxi-
mization of light absorption in configurations involving structures that are considerably
larger than the wavelength of the incident light and therefore operate under the ray optics
regime.

We will also consider what the efficiency limit is and how to enhance light absorption
in energy-harvesting systems, such as thin-film PV or PEC cells, which require the use
of very thin absorbing materials, close to the wavelength of the incoming light, for which
the geometrical optics approach is no longer valid. In those cases, it will be necessary to
consider a wave optics model for the propagation of the light, to include the interference
effects between the forward and backward propagating waves. In the next section, we
will present in great detail the tools necessary to model and optimize light propagation
and absorption in such thin-layer structures. As it will be seen in the next chapters, a
proper design of such thin configurations allows for significant enhancements in light
absorption and conversion in different energy transformation systems.

1.5 Modeling energy-efficient devices

In the previous sections, we discussed a ray optics approach to describe light prop-
agation in materials that are substantially thicker than the wavelength of the incoming
radiation and established a limit for light absorption in that regime. Conversely, in the
current section we explore propagation of light in thin-layered materials, which must be
described by a full-wave propagation model. On the basis of such wave propagation lie
the Maxwell equations that describe the behavior of the electric () and magnetic fields
(B) and their interactions with matter.

(i) V-Ert)=2 (iii) V x E(r,t) = —aB(g’t)
£0 ) (1.13)
(i) V-B(r,t)=0 (iv) V xB(r,t) = poJ + uosoﬁg’t)

where r is the spatial position, ¢ the time, J the electric current density, p the charge
density, € the permittivity (or dielectric function), and p the permeability of the medium.

The electromagnetic wave equations, describing the propagation of light, can be de-
termined from equation (1.13). For the particular case of a homogeneous medium, a
general solution is a plane wave, given by

E (r,t) = Fy T+ ¢ (1.14)
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where Fj is the amplitude of the field, € is the polarization unit vector of the field, w
the angular frequency and k = wv the wave vector, with v corresponding to the speed
of the light in the medium. In addition, the electric and magnetic fields in this case are
orthogonal and their amplitudes are related by

BQ :UE(). (115)

These solutions for the electromagnetic fields provide insights into the characteristics
of the light waves as they propagate through different media. In the following section,
we will depart from such solutions to describe the behavior of light when it interacts with
layered structures.

1.5.1 General transfer matrix method

For multilayer structures that are composed of homogeneous and isotropic layers with
thicknesses of the order of the wavelength of the incident light, separated by interfaces
that are optically flat and all parallel to one another, the electromagnetic wave propagation
can be determined by solving the Maxwell equations (1.13) in one-dimension and by
employing a transfer-matrix approach to take into account interference effects due to the
coherence of the light.!?2-124

When light propagating in a medium j reaches the interface separating it from medium
k, it will be partially transmitted and partially reflected. The amplitudes of transmission
and reflection at the interface are described by the Fresnel coefficients, which are ob-
tained by setting the appropriate boundary conditions for the electric and magnetic fields
at the interface, and depend on the angle of incidence, #;, complex refractive indexes of
both media, n; and ny, and polarization of the light.

Figure 1.9: Changes in electric field E, magnetic field B and wave vector k at the interface between an
incident medium j with refractive index n; and a final medium & with index n, for a) s- and b) p-polarized
light. The subscripts ¢, r and ¢ refer to the incident, reflected and transmitted components, respectively.
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In the case of s-polarized (or transverse electric) light, the electric field is parallel to
the plane of the interface, as illustrated in Figure 1.9 a), and the Fresnel coefficients for

. (s) .. (s) .
the reflection, r ik and transmission, ¢ J k> are given by

_n o _ 2k
7,k

r _ (1.16)
3k njkj + npky njkj + nrkg

while for p-polarized (or transverse magnetic) light the magnetic field is parallel to the
surface separating the two media, as shown in Figure 1.9 b), and the Fresnel coefficients
are written as

() _ ke — nik;

r

_ p) _ _ 2nik;
Jok njk:k + nkk:j

(
t: —_—
Ik njkk +n;€k‘j

1.17)

where the complex wave vector in the medium j, k;, depends on the angle of incidence,
refractive indexes of both media and wave vector in the vacuum, kg = 27/ A\.

The electric field at the incident medium, E;, can be related to the one of medium
k through the so-called interface matrix I;;, which takes into account the previously
defined Fresnel coefficients such that, for each polarization component

ET [E+] 1 [ 1 7 }
GR| — o [Tkl 1= Ik (1.18)
- k| e | & . .
|:EjR ! EkL ’ tig [Tk 1

In this case, we are considering that layer j is on the left side of layer k, as illustrated
in Figure 1.9, so the electric field Ej, is the one on the right boundary of layer j, just
before the interface, while E};, is the field on the left boundary of layer k, right after the
interface. The plus and minus signs indicate the direction of propagation of the field (4
means from left to right, while — indicates from right to left).

In addition, the electric field also varies alongside a given layer j. To relate the field
at the left and right interfaces of this layer, a propagation matrix P; should be used

EF E+ e kizdi
R 2 T o B
JL JR

where d; is the thickness of the layer j and z is the direction perpendicular to the layer
interfaces, as indicated by the axis system.

This matrix formalism describing the changes in electric field across a boundary or
alongside a given layer can be directly extended to a multilayer structure with f-1 thin
layers (where f is a finite number), enclosed between an incident and a final medium, as
the one represented in Figure 1.10. In this case, a total system matrix Sy y that describes
the whole stack can be obtained simply by multiplying all the individual interface and
propagations matrices such that, for each polarization
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Figure 1.10: Multilayer stack with f-1 thin layers parallel to each other, enclosed between an incident and a
final medium, and with light impinging from the left side, as considered for the transfer matrix calculations.
The different refractive indexes and electric field components at each layer are also represented, following
the same nomenclature used throughout this work.

- 5] -
R = Soyf /L N S(),f == I'_L = If_lyf. (1.20)
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Since this total matrix relates the electric field in the incident medium with the one
in the final medium, it allows for a direct calculation of the total reflectance, R, and
transmittance, 7', of the thin multilayer system. When no light is incident from the final
medium (EJTL = (), they are simply given by

E(;R _ So7f(2, 1)

R=ros*; ros= - ; (1.21)
! TTES, T Sos(LD)
kg 2 EJJ{ 1
T =21 ¢ D tg = —E = ) 1.22
kO | 0’f| O:f EJR S(Lf(]-a 1) ( )

On the other hand, similar matrices can be written for the partial subsystems com-
prising all the layers between the incident medium and the left boundary of a given layer
J» S0,j..» as well as the one containing all the layers between this interface and the final
medium, S, ¢. The use of these partial matrices allows us to determine the transmission
coefficients taf ;,, and ¢, ., between the incident medium and any layer j, from which we
can get the electric field in the direction of propagation z, at any point of the multilayer
stack. For s-polarization, this field takes the form

EY(z) = By [taﬂeik]’z’z 5,0 g, (1.23)

while for p-polarization two different components must be considered, as illustrated in
Figure 1.9,

17



1. Introduction

k; L
EP)(2) = E v (6,07 4 15,077 %, (1.24)
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“ikiz| o
@ A ik; } 3. (1.25)

The absorbance A;(\) of layer j at a given wavelength A and polarization is obtained
by integrating the optical power dissipated at a depth z, Q;(z), over the propagation
direction. This power dissipated is related to the time-averaged Poynting vector (S;(t))
which in turn depends on the electric field F; inside the layer, such that

1 a 1 4 91 .
A;i(\) = IO(A)/O Qjz(2)dz = Io()\)/o 82[ Re (E; xHj)]dz, (1.26)

where Io() is the irradiance of the incident light and H7 is the complex conjugate of the
magnetic field at layer j, which can be related to E; by applying the Maxwell equations
of (1.13). Finally, the absorbance of layer j can be written as

() ceolm(k;.)Re(k;.) [%
it ko(A) To(A) /o

P

dz, (1.27)

for s-polarized light, while for p-polarization it takes the form

A§p)(A):C€OH;I:((l;;z)Re JZ/ <’

The EQE and Jg of thin film solar cells or photoelectrodes can therefore be deter-
mined by direct substitution of these absorbances into equation (1.1).

The transfer matrix method shown so far is a very powerful tool, as it allows us to
describe in a simple way and with great accuracy the light absorption and propagation in
planar systems composed of multiple thin layers, where the light is coherent. Neverth-
less, it can be further extended to planar systems also incorporating thicker layers where
this coherency is lost, as it happens for example in glass substrates, which are usually
millimeter-thick.

The generalized version of the transfer matrix metho considers a system com-
posed of NV thin multilayer stacks (MS) and M thick layers (TL), as schematically repre-
sented in Figure 1.11. The electric field propagation in each individual multilayer stack
is determined as previously described, but the incident irradiance, or electric field am-
plitude, is now different for each multi-stack and depends on the full system configura-
tion. In order to determine it, another matrix description will be used, this time relating
changes in the irradiances, instead of the electric fields, for each element (thin multi-stack
or thick layer).

2
b ) dz. (1.28)

d125,l26
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MS1 L1 TLU-1 TLJ TLJ+1 MSK MSN TLM
IU+ + + + +
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dTU dTLJ—T dTLJ dTLJH dTLM

Figure 1.11: Illustrative example of a system considered for the application of the general transfer matrix
method, combining N thin multilayer stacks with M thick layers. The irradiances at different interfaces are
represented, as they are now the quantities to be related.

In this regard, the matrix I R Rygg, that relates the irradiances before and after a given
multilayer stack is given by

1 1 —Rus
IRRNys = — , , . (1.29)
Tvs RMS TMST MS — RMSR MS

where the different matrix elements are related to the total transmittance and reflectance
of the multi-stack when illuminated from the front side (7jis, Rms) and from the back
side (T"ms, R'vs), and can be obtained by direct application of equations (1.21) and
(1.22).

On the other hand, the changes in irradiance alongside the thick layers can be de-
scribed by a matrix I RRt1,, which depends on the absorption coefficient, cvry,, and on
thickness, dr,, of the material

earLdTL 0

IRRTI, = (1.30)

0 e—aTLdTL

In a similar way as before, it is possible to write a single matrix that describes the
behavior of the irradiance in the full tandem system, or in parts of it, simply by multiply-
ing all the matrices corresponding to the different multi-stacks and glasses, in the proper
order. From that, one can easily get the irradiance Ig that enters in a given thin multi-
layer stack, which in turn is directly related to the electric field amplitude that enters that
multi-stack, | Eys|?, by

ko Ims

Bys? = 222
| | kwmsz Io

|Eol?. (1.31)
where kg, and kg, are the wave vectors in the z direction at the incident medium and
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at the entrance of the given multilayer stack MS.

This allows us to fully describe the electromagnetic field propagation in any pla-
nar device, composed both by thin and thick layers, and to obtain the amount of light
transmitted, reflected, or absorbed, which emphasizes the importance of this generalized
version of the transfer matrix method as a tool to model planar optical systems.

1.5.2 Optimization problems

The transfer matrix method previously presented allows one to easily model light
propagation in planar devices with a given fixed configuration in terms of the number
of layers, materials, and thicknesses. Although it is a very powerful tool, its sole use
is typically insufficient to find optimal configurations that can bring photonic devices
toward their limits. Scanning all variable parameters of the system is feasible when the
parameter space is small, but it gets extremely inefficient and time and computational
resource-consuming when the number of free variables increases. For this reason, it is
necessary to choose and use appropriate optimization algorithms in combination with the
transfer matrix method to obtain the optimal configurations that can maximize energy
efficiency in different devices.

Generally, an optimization problem consists in finding the best parameters, within a
certain domain, that maximize or minimize a given function, called objective function,
which may be subjected to one or more constraints. These problems start from an initial
solution, which is obtained by evaluating the objective function at an initial point that is
commonly set by the user, and move towards a final optimal solution that is obtained after
several iterations, by application of an appropriate optimization algorithm. The general
flow of an optimization problem is represented in Figure 1.12.1%7-12°

The choice of an adequate optimization algorithm depends on the objective function,
size of the parameter space, type of constraints applied, and use of continuous or discrete
variables, among others. Depending on the algorithm used, local or global solutions can
be found.

Local optimization algorithms are typically more suitable to solve, in a faster way,
simple problems where the region of the optimal solution is known. They start from
an initial position, defined by the user, and move towards the local extreme (maximum
or minimum) in that region. For this reason, the choice of an appropriate initial point
is mandatory to find a good solution for the objective function.'?®!13Y The most com-
monly used local optimization algorithms rely on the gradient of the objective function
to move more effectively toward the optimal solution.'?*~13> A good example is the least
mean squares algorithm, which is commonly applied to fit experimental data with a given
function f(x) and uses a gradient-based method to minimize the summed squares of the
difference between the data collected and the values of the function f(z), for all points

xi.]ZS, 132-134
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‘ Set objective function and constraints ‘
$

‘ Choose an initial point, X, inside the domain ‘
4

‘ Evaluate the objective function ‘

t | Repeat for a certain number of iterations

Apply optimization algorithm to find a new set of 3
parameters between upper and lower bounds

Is the improvement in objective function lower

4 than a certain tolerance?
Find new solution for objective function and compare ¢ Y
with the one previously founded ’ Yes ‘ | No
$
Move in the direction of the better solution | Optimal configuration || Continue iteration

I obtained process

Figure 1.12: General flow for solving an optimization problem.

On the other hand, global optimization algorithms focus on finding the globally op-
timal solution to the problem, which usually is more time-consuming but also more ef-
fective when little is known about the objective function. They typically start from a
single candidate, or a population of candidate solutions, but revise the whole parameter
space in search of the optimal parameters.'?%-13% 135 An example of a global optimization
algorithm, recurrently used in this work, is the genetic algorithm, which is inspired in
the biological natural selection process. It starts from a randomly chosen population of
individuals and evolves in such a way that the chromosomes of the fitter individuals (i.e.,
the ones that provide better solutions for the optimization function) are passed to the next
generation, through the crossover operation. In addition, it allows for the spontaneous ap-
pearance of mutations, which will help in accessing the whole parameter space to search
for the globally optimal solution,'29-131.136

1.6 Thesis outline

The current thesis is focused on studying the interplay of ergodicity and absorption
in several configurations that are relevant to either promote a more sustainable use of the
energy or to enhance the transformation of sunlight into other forms of energy.

In this regard, Chapter 2 takes advantage of the ergodicity previously demonstrated
in a half-cylinder photonic plate to develop a novel light-guiding structure capable of
emitting diffuse and polarized light for a broad range of wavelengths in the visible spec-
21
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trum with low losses, and that shows potential for application in liquid crystal displays.
By incorporating in the ends of this guide PVK solar cells with a bandgap appropriately
tuned to the emission wavelength of a red light source, a highly efficient recycling of the
stray light back into electricity is predicted.

Chapter 3 explores the limiting performance of bismuth vanadate as a photoanode for
the water-splitting reaction. In particular, high sensitivity EQE characterization allows
us to thoroughly examine the absorption and conversion limits of this semiconductor
material, especially in the region below the bandgap, and to determine with high precision
its effective refractive indexes. These will later be used to predict the maximum short
circuit current density achievable, when in the presence of appropriate light trapping.

Finally, in Chapter 4, tandem devices incorporating the previously studied highly
transparent bismuth vanadate photoanodes together with organic photovoltaic cells are
designed and fabricated for unassisted water splitting. To bring the STH conversion
efficiency of the tandem towards its limit, a PM6:Y6-based OPV cell with a bandgap
close to the theoretically optimal one is chosen and a multilayer structure with optimized
configuration is introduced in between the two different tandem elements to perfectly
balance the light absorption among them, taking into account the absorption profile of
the different semiconductor materials.

N
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Chapter

Design of a novel guiding structure
for the emission of diffuse polarized
light with low losses

As noted in the introduction chapter of the current thesis, ergodic geometries are
useful for maximizing absorption while trapping and guiding light, but also for a diffuse
and homogeneously distributed light emission.

In this chapter, we make use of a half-cylinder photonic plate, where such an ergod-
icity was previously demonstrated,'? to design a novel light guiding structure capable of
emitting diffuse polarized light for a broad range of wavelengths in the visible spectrum
while converting back into electrical energy the light with the unwanted polarization. In
addition to the h-CPP central element, the structure we consider incorporates a multilayer
reflective polarizer (MRP) and a highly reflective bottom element composed of irregular
sequences of dielectric layers optimized with the aim of maximizing the ratio between
the light emitted with s- relative to p-polarization and of minimizing the light losses. Two
identical PVK photovoltaic cells, with a wide bandgap tuned to the emission of red light,
are incorporated on the front and back ends of the structure, to convert into electricity the
light with the unwanted polarization that gets trapped inside the guide.

2.1 Design of the guiding structure to polarize and recycle light

The light guiding structure herein proposed to achieve diffused emission of polar-
ized light combined with potential harvesting and conversion back into electricity of the
unwanted polarization is schematically represented in Figure 2.1.

In its core lies a half-cylinder photonic plate for an ergodic propagation of the light,
as previously described. On top of the periodic array of half-cylinders, the guide incorpo-
rates a non-absorbing multilayer reflective polarizer composed of an irregular sequence
of dielectric layers, aiming to achieve broadband polarization selectivity. In addition, it
integrates a highly reflective element on the bottom and two perovskite photovoltaic cells
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Au
Spiro-OMeTAD

_

Figure 2.1: Schematic representation of the guide proposed in this thesis, showing its main elements: a
half-cylinder photonic plate covered by a multilayer reflective polarizer, a bottom reflective element, and
two perovskite solar cells on the front and back ends. Light is introduced with a certain deviation angle, o,
relative to the guide axis, through an optical prism or any other suitable light coupling element. The drawing
is only a schematic representation of the guide. The dimensions are not at scale and the number of dielectric
layers or half-cylinders do not correspond to any of the studied configurations.

for light conversion to electricity at the front and back ends.

The materials and dimensions of the guiding structure were chosen to correspond
to the ones previously fabricated,'”? and are schematically illustrated in Figure 2.2. In
particular, a photonic plate consisting of a periodic array of 346 interconnected half-
cylinders is deposited on top of a glass substrate with a thickness of 2.2 mm and a total
length of 3.1 cm, using a transparent polymeric material that fully covers the substrate,
with a refractive index n = 1.52, that matches the one of the glass. The diameter of each
fiber is 103.8 um, but they are slightly overlapping in such a way that their centers are
separated by only 89.64 um; their height is 25.30 um and the vertical distance between
the top of each fiber and the glass substrate is 78.08 ym.

Light from a light-emitting diode (LED) may be coupled through the top interface
using a prism or any other suitable light coupling element, in such a way that the rays
cross the incident plane A with a given angle 6 relative to the guide axis. To achieve
an even and homogenous diffuse light emission from the top of the guide, the incident
rays should point towards the central part of the guide, which corresponds to an angle
0o deviating from the axis guide by 12 deg, a value that results from the total length and
height of the guide considered in this thesis. At the incident plane A, 600 rays equally
spaced by 1 um, which may undergo up to 200 reflections within the structure, were
considered.
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Computational optimization of the guiding structure
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Figure 2.2: Schematic representation of the photonic plate considered in this thesis, with the main dimen-
sions properly indicated. This drawing is not at scale and the number of half-cylinders does not correspond
to the one used in this thesis.

2.2 Computational optimization of the guiding structure

The light guiding structure herein proposed incorporates a unique combination of
periodic order in the h-CPP and disorder in the MRP. It contains a complex combination
of micro and nanometric structures, and therefore the approach implemented to resolve
the electromagnetic wave propagation combines the use of ray optics tracing in the core
of the guide together with a full wave vector propagation in the multilayer structures.

Each time a given ray is incident at one of the interfaces that separate the core of
the guide from the MRP or the bottom reflective element, the corresponding intersection
point and angle of incidence are computed using a home-made ray tracing code. Consid-
ering this angle of incidence, the transfer matrix formalism, described in Section 1.5.1,
is applied to determine the light transmission, reflection, and absorption, for each of the
polarization components and wavelengths of the light source. We may note that this for-
malism can be used with a very large accuracy, even for the non-flat interface between
the h-CPP and the MRP, provided the radius of the cylinders is two to three orders of
magnitude larger than the thicknesses of the layers in the polarizer. The light reflected is
then used to update the irradiance of the ray propagating inside the guide after this inter-
section. The light absorbed in the bottom reflector will account for the losses. The light
transmitted through the top reflective polarizer is used to calculate the power that would
be detected on a plane parallel to the guide (see Figure 2.1), whenever the ray transmitted
does not reenter in the guide through one of the neighboring cylinders.

For a given ray, the total light transmitted through the polarizer or lost by absorption
for a certain wavelength is obtained by summing the contributions from all the trajecto-
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ries (up to 200) undergone inside the guide. Finally, to simulate the behavior of a real-
istic beam, with a micrometric diameter, the results obtained for the 600 different initial
rays are averaged, for each one of the three different wavelengths considered: 466 nm,
560 nm, and 630 nm, corresponding to the emission of blue, green and red light from the
LEDs, respectively.

To obtain the optimal configurations for both multilayer structures, the MRP and the
bottom high reflective element, an inverse design approach is implemented by means
of a genetic algorithm, presented in Section 1.5.2. For the top reflective polarizer, the
target is to maximize the transmission of p-polarized light, while minimizing the one
with s-polarization, so the polarization extinction power ratio of the beam is chosen as
the quantity to minimize during the optimization procedure. On the contrary, for the
bottom reflective element, the objective is to minimize the light losses by absorption.

2.2.1 Polarization separation in the multilayer reflective polarizer

The combined effect of the h-CPP and the multilayer reflective polarizer is the key to
an efficient separation of the polarization components, enabling the transmission of the
p-polarization while maintaining the s-polarized light trapped inside the fiber plate. For
this reason, it is crucial to ensure that we obtain what may be generically defined as the
optimal configuration. This implies a good choice of materials and number of layers for
the MRP, as well as a proper definition of the objective function and constraints for the
optimization problem.

A combination of dielectric materials alternating high and low refractive index was
thus considered for the MRP, in analogy with a distributed Bragg reflector. In particular,
WO3 and LiF were chosen, provided that they exhibit a large index contrast while, at the
same time, they can be effectively deposited on top of the h-CPP by thermal evaporation
to form the curved multilayer polarizer. At this stage, a simple 200 nm thick silver mirror,
also deposited by thermal evaporation, was chosen to fully cover the opposite surface of
the guiding structure and to provide the high reflectivity needed at this interface. The
refractive indexes of all materials used to perform the computational simulations can be
found in Appendix A.

The total number of layers in the MRP was varied and, for each case, the thicknesses
of the materials were optimized using the genetic algorithm available at MATLAB®
Global Optimization Toolbox, 3’ considering the default creation, crossover, and mu-
tation functions. The objective function to minimize was the wavelength-averaged po-
larization extinction ratio of the power detected on a plane parallel to the guide. Three
different constraints were considered, which included: (i) an unconstrained optimiza-
tion, (ii) setting the minimum p-polarized wavelength-averaged power to be detected on
a plane parallel to the guide to 55% of the incident irradiance, and (iii) simultaneously
limiting the maximum color discrepancy in the power to be detected on a plane parallel
to the guide to less than 5% and the minimum wavelength-averaged p-polarized power to
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40% of the initial intensity. To compare the effect of the different constraints, the number
of layers in the MRP was fixed to 25 and the variations in power computed for each case
are presented in Figure 2.3.
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Figure 2.3: Comparison between the different optimization constraints applied, for a 25-layer MRP, in terms
of a) wavelength-averaged s- and p-polarized power detected (left axis), as well as polarization extinction
ratio (right axis) and b) p-polarized power detected for each wavelength (left axis) and maximum color
difference observed (right axis). In these simulations, the reflective element considered on the bottom of the
h-CPP is a 200 nm thick silver.

As illustrated in Figure 2.3 a), the lowest wavelength-averaged polarization extinc-
tion ratio for the power detected in a plane parallel to the guide was observed when no
constraints were imposed at all (case (i)), which is attributed to a smaller amount of
s-polarized light transmitted. However, the power detected for the p-polarization is also
the lowest and the color balance for the p-polarized light is the worst of the three, as
shown in Figure 2.3 b). In opposition, imposing constraint (iii) leads to very well color-
balanced configurations (as expected), together with the highest values of wavelength-
averaged p-polarization power detected. Unfortunately, this came with the cost of a
considerably higher polarization extinction ratio, as the structure obtained for the MRP
allowed a high amount of s-polarized light to be transmitted out. Finally, the most bal-
anced results were obtained for constraint (ii), which combined reasonably low polariza-
tion extinction ratios with a quite high amount of p-polarized light detected and a color
discrepancy that is in between the other two cases. So, although all three approaches
would yield a final structure that would successfully accomplish the separation of the
two polarization components, the use of the second constraint ensures a sufficiently high
emission of p-polarized light, with a good color balance, without significantly increasing
the polarization extinction ratio. Therefore, constraint (ii) was applied to optimize the
configuration of the MRP for an increasing number of dielectric layers, from 9 to 33.
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Figure 2.4: Change in a) polarization extinction ratio and b) wavelength-averaged power detected for the
s- and p-polarization components separately with the number of layers in the MRP (from 9 to 33). In these
simulations, the reflective element considered on the bottom of the h-CPP is a 200 nm thick silver mirror.

The results obtained are plotted in Figure 2.4. According to these results, a decrease
in the polarization extinction ratio is observed with the increase in the number of layers
in the MRP, up to 29. Beyond that, no improvement in terms of polarization separation
is obtained. As seen in Figure 2.4 b), the continuous decrease in the s-polarized light
transmitted through the top surface saturates after 29 layers in the MRP. Provided the
p-polarized light is to a large extent independent from the number of layers in the MRP,
the polarization extinction ratio as a function of the number of layers follows a similar
pattern as the transmission of the s-polarization light.

To get a better insight into the mechanism responsible for the polarization separation,
the reflectance maps of s- and p- components of the light for the optimized MRP struc-
tures with 9 and 29 dielectric layers were computed as a function of the wavelength and
angle of incidence at the interface that separates the h-CPP from the multilayer polarizer
and are plotted in Figure 2.5.

As seen in the reflectance maps, when s-polarized light propagating inside the guiding
structure is incident at the interface separating the h-CPP from the optimal 29-layer MRP,
a broadband reflectivity approaching unity, spanning from 450 to 650 nm, is obtained
regardless of the angle of incidence, from 0 to 90 deg. Thanks to that, the transmission of
light with s-polarization is quite low when this 29-layer structure is deposited on top of
the photonic plate. This effect, however, is far from being achieved when fewer dielectric
layers are considered in the reflective polarizer. For the particular case of a 9-layer MRP,
a fairly high reflectance is observed for the s-polarized light between 550 nm and 650 nm,
which includes the wavelengths corresponding to the emission of green and red light, but
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Figure 2.5: a), ¢) s- and b), d) p-polarization components of the reflectance for the optimized MRP structures
with a), b) 9 and c), d) 29 dielectric layers, as a function of the wavelength and angle of incidence (5) at
the interface that separates the h-CPP from the multilayer polarizer (see Figure 2.1). The three different
wavelengths considered in this thesis for the emission of blue, green, and red light are identified in the maps,
with vertical dashed lines.

it drops considerably outside of that range, and in particular in the region of blue light
emission. As a consequence, the s-polarized light transmitted increases significantly, in
agreement with the results of Figure 2.4 b).

On the contrary, regardless of the number of layers in the MRP, for the three wave-
lengths of interest, the p-polarized light is transmitted rather effectively when the angle of
incidence at the interface separating the h-CPP from the polarizer ranges, approximately,
from 30 to 40 deg, in other words, when the p-polarized light is incident in the neigh-
borhood of the Brewster angle. When this MRP is deposited on top of the h-CPP, the
combination of the chaotic nature of the light propagation in the core of the fiber plate
and the semi-cylindrical shape at the top of the guide ends up allowing for many rays
to be incident on the polarizer within the 10-degree range for which the p-polarization
reflectance drops, resulting in a rather effective emission of p-polarized light. Since in
29
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2. Design of a novel guiding structure for the emission of diffuse polarized light with low losses

this case there are no significant differences between the use of 9 or 29 layers in the
MRP for the wavelengths under study, the power detected for the p-polarized light was
not very affected by the number of dielectric layers of the reflective polarizer, as seen in
Figure 2.4 b).

2.2.2 Reduced light losses in the reflective bottom element

In the analysis performed in the previous section, a 200 nm thick silver mirror, de-
posited by thermal evaporation, was used as the bottom reflective element of the guiding
structure. This material presents a quite high reflectivity (always above 97% for the
wavelengths under study, as shown in Figure 2.6), but it is still far from being a perfect
reflector.
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Figure 2.6: Reflectance of the 200 nm thick silver mirror, considered as the bottom reflective element when
performing the optimization of the top MRP, for the two different polarization components and the three
wavelengths of the light corresponding to the blue, green, and red.

Given that the light rays perform multiple reflections inside the h-CPP, this non-
perfect reflection will eventually lead to significant light losses at the bottom interface. As
is illustrated in Figure 2.7 a), these absorption losses increase with the number of layers
in the top reflective polarizer, especially for the s-polarization, associated with lower
emission and better trapping of the light inside the guiding structure. For the particular
case of the optimal 29-layer MRP, the total light losses at the bottom mirror almost reach
9% of the incident irradiance when the average of the two polarizations is considered.

With the purpose of minimizing such light losses at the bottom interface, a reflector
combining a set of layers intercalating dielectric materials of contrasting refractive index,
finished with a thick silver metal layer, was considered instead of the simpler Ag mirror.
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Figure 2.7: a) Light losses at the bottom reflective element when a 200 nm thick silver mirror is considered,
as a function of the number of layers in the top MRP. b) Light losses at the bottom reflective element when
a TiO,/Si0O, dielectric structure is used, as a function of the number of dielectric layers, for the optimal
29-layer MRP.

In this case, TiO, and SiO, were used as the high and low refractive index materials,
respectively, as they present a very high index contrast (see Appendix A) and the planar
nature of the bottom interface easily allows for the deposition of these materials by mag-
netron sputtering. To get the optimal configuration for the bottom reflective element, a
procedure similar to the one used for the optimization of the top MRP was employed. A
genetic algorithm was chosen for the inverse design optimization of this element, where
the objective function to minimize was the average of the absorption losses between the
s- and p-polarized light. During the optimization process, the configuration of the top
multilayer reflective polarizer was fixed to the optimal 29-layer structure determined in
the previous section. On the other hand, the number of dielectric layers in the bottom
reflector was varied until some convergence was reached.

The results obtained for the optimization of the bottom element are presented in
Figure 2.7 b) as a function of the number of dielectric layers considered. As seen in
the figure, a considerable reduction of light lost by absorption is obtained for all the cases
when compared with the thick silver mirror considered previously (represented by the
dashed line), and it decreases with the number of layers until saturation is reached for
an 8-layer structure of TiO,/SiO; finished with thick Ag. In that case, an almost loss-
less bottom reflector is obtained, with only 2.2% of the total incident irradiance being
absorbed in this element. Of particular interest is the fact that the highest reduction in
losses happened for the s-polarized light, which is strongly trapped inside the guiding
structure. This demonstrates the potential of the inverse design optimization to find a
configuration that selectively reflects in an almost perfect way the s-component of the
light, as shown in Figure 2.8, to achieve minimal losses in the entire guide.
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Figure 2.8: Reflectance of the optimized 8-layer reflective bottom element, for the two different polarization
components and the three wavelengths of the light corresponding to the blue, green, and red.

The optimal configuration of the guiding structure herein presented is therefore the
one that incorporates a 29-layer MRP on top of the h-CPP and a reflective element with
8 dielectric layers followed by thick Ag on the bottom interface. This configuration
will be henceforward referred to as h-CPP-P29-R8 and their exact layer sequences and
thicknesses are indicated in Table 2.1.

Table 2.1: Configuration of the optimal guiding structure, h-CPP-P29-R8.

Top multilayer reflective polarizer

Substrate/WO3(59nm)/LiF(125nm)/WO3(216nm)/LiF(105nm)/WO3(73nm)/
LiF(95nm)/WO3(200nm)/LiF(74nm)/WO3(232nm)/LiF(90nm)/WO3(69nm)/
LiF(105nm)/WO3(53nm)/LiF(126nm)/WO3(250nm)/LiF(114nm)/WO;(66nm)/
LiF(113nm)/WO3(149nm)/LiF(97nm)/WO3(73nm)/LiF(88nm)/WO3(88nm)/
LiF(85nm)/WO3(137nm)/LiF(87nm)/WO;(73nm)/LiF(143nm)/WO;(250nm)/air

Bottom reflective element

Substrate/TiO,(64nm)/Si0,(231nm)/TiO,(166nm)/SiO,(70nm)/TiO, (116nm)/
Si0,(108nm)/TiO,(57nm)/Si0,(71nm)/Ag(250nm)/air

As clearly observed, the inverse design optimization applied in this thesis leads to a
fully irregular distribution of thicknesses in both the MRP and bottom element. In other
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2.2. Computational optimization of the guiding structure

words, no correlation can be established among the thicknesses of the different layers,
emphasizing the usefulness of such an inverse design approach to find solutions largely
differing from the trivial ones. Note that changing the materials would result in a different
layer sequence but the physics under study would essentially remain the same.

2.2.3 Collection of light escaping from the sides

The optimal configuration for the guiding structure determined in the previous sec-
tions allows for very effective separation of the polarization components without in-
creased light losses. In particular, as indicated in the light distribution scheme of Fig-
ure 2.9, close to 42% of the total light entering the guiding structure (74% of p-polarized
and 9% of the s-polarized incident light) is diffused through the top interface with a po-
larization extinction ratio of nearly 0.1, while the light losses on the bottom reflector are
limited to 2.2%. This means that more than 54% of the total initial light, mostly with the
s-polarization, gets trapped inside the guide, and will continue to propagate until arriving
either at the front or the back ends of the guide. The wavelength distribution of the light
that reaches such interfaces is shown in Figure 2.10 and it clearly demonstrates that the
guide can very effectively trap the s-polarized light at the wavelengths of interest. Since
the angle of incidence was chosen so that the incident ray arrives at the central part of
the guiding structure, the amount of light reaching both ends is very similar. Changing
the initial angle would result in a higher amount of light reaching one of the ends in
comparison to the other, as will be demonstrated later in Section 2.2.4.

We may note that the irradiances reported in the scheme of the light distribution sum
up only to 98%, as we have neglected light rays which, when emitted from the top of the
guide, intersect an adjacent half-cylinder and reenter the photonic plate. Accounting for
the contribution from these rays would significantly increase the computation complexity
without introducing any relevant change in the h-CPP-P29-R8 optimal structure or the
results reported so far.

So, for each of the wavelengths under study (indicated by the vertical dashed lines in
Figure 2.10) there is close to 90% of the initial s-polarized and 20% of the p-polarized
light which ends up reaching the front and back ends of the guide and that can be
effectively recycled back to electricity when incorporating PV cells in these interfaces.
To maximize the power conversion efficiency, high V. solar cells, with the bandgap
edge adjusted to the wavelength emission of the red LED, must be used. In particular,
PVK solar cells appear to be very promising for this application, as they offer broad
bandgap tunability and have low thermalization losses. In this regard, a perovskite with
a CsyFA (1. Pb(I;Cl(1.4))3 composition and a CsCl to Pbl, ratio of 0.17, which has wide
E, of 1.76 eV and whose refractive indexes were taken from the literature!*® and are
plotted in Appendix A, was chosen as the active layer of the photovoltaic cells, with con-
figuration: ITO(100nm)/SnO,(20nm)/PVK/Spiro(200nm)/Au(100nm).
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Figure 2.9: Distribution of the light irradiance alongside the guiding structure and power detected in a
plane parallel to the guide, for the s- (grey) and p-polarization (black) components separately. For the power
detected, the light lost by absorption on the bottom reflector and the one that propagates until reaching the
edges of the guide, where the PVK cells are incorporated, only the wavelength-averaged value is shown. For
the light transmitted through the top multilayer reflective polarizer, the individual wavelength components
are also presented: 466 nm (blue), 560 nm (green), and 630 nm (red).
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Figure 2.10: Fraction of the incident irradiance that reaches either the front or back interfaces of the

h-CPP-P29-R8 guiding structure, for s- and p-polarized light, as a function of the wavelength. The three
wavelengths used for the optimization are indicated by the vertical dashed lines.
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Figure 2.11: a) s-polarized and b) p-polarized light absorption in the active layer of the perovskite cells and
reflection back to the fiber plate, together with the total amount of light that can be reused after reaching the
ends of the guiding structure (sum of the previous two contributions), as a function of the PVK active layer
thickness. The three magnitudes are normalized to the irradiance reaching the front and back interfaces of the
guiding structure, and the values obtained correspond to the average contribution of the three wavelengths
under study: 466 nm (blue), 560 nm (green), and 630 nm (red).

Figure 2.11 shows, as a function of the thickness of the perovskite layer and light
polarization, the amount of light that can be reused when these solar cells are incorporated
into the ends of the guide. This happens either because the light is absorbed in the PVK
active layer and can be converted into electricity or because it is reflected back to the
guiding structure, where it can continue to propagate ergodically. These calculations
were performed taking into account the angle of incidence and the intensity of the light
reaching the ends of the guide for each one of the 600 initial rays considered in this thesis
and reveal an increase in the PVK light absorption and in the amount of light to be reused
with the thickness of the active layer. In particular, when a PVK layer thickness of at
least 500 nm is considered, close to 90% of the light reaching the ends of the guide is
absorbed in the active layer of the solar cell, with very low light losses of about 3%.

To estimate the power conversion efficiency of these 500 nm perovskite photovoltaic
cells when directly illuminated by blue, green, and red LEDs, we considered the normal-
ized spectral irradiances plotted in Figure 2.12, which were adapted from the datasheets
of commercially available LEDs with the desired central wavelengths and narrow spec-
tral and angular emission.!**'#! The J,. of the cell was calculated using the transfer
matrix formalism described in Section 1.5.1, taking into account the angle of incidence
at the interface between the guiding structure and the PVK cell for each individual ray,
from which the average current density was determined. For the V. estimation, it was
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considered that the PV cell was operating at the radiative limit and that the irradiance of
each LED was equal to 1 sun. This is a valid assumption if a radiant power of 5 mW
and an illumination area of about 0.3 mm by 1 cm are considered and results in a V; of
1.51 V for the PVK composition selected, by applying equation (1.3). Regarding the fill
factor, a fixed value of 0.80 was chosen, in agreement with the values typically reported
in experimental works involving high-quality PVK cells,'#>-144

The calculation of the power conversion efficiency of the PVK cell, when illuminated
by each of the different LEDs, was performed by direct application of equation (1.5),
where the total irradiances of the LEDs were obtained by integration of the spectral
irradiances of Figure 2.12. The values determined for all photovoltaic parameters are
presented in Table 2.2.

1.0

)

~ 0.8-

o
(o]
1

o
IS
1

0.24

Spectral irradiance (W m? nm

0.0 T T T T T
400 450 500 550 600 650 700
Wavelength (nm)

Figure 2.12: Spectral irradiances of the blue, green, and red LEDs considered as light sources for the
calculation of the power conversion efficiency of the wide bandgap PVK solar cells. These spectra were
adapted from the datasheets of References 139-141.

According to the results, power conversion efficiencies ranging from 38.86% for the
blue to 51.88% for the red LED were obtained, with thermalization losses in the PVK
layer accounting for the largest loss fraction in this conversion. Further tuning of the
perovskite composition to have the bandgap edge matching exactly the emission of the
red LED would help to reduce to the minimum possible these thermalization losses and
would result in even higher PCEs for the solar cell. Regardless of that, in all cases the
conversion efficiencies estimated under narrowband illumination from the LEDs are well
above the Shockley-Queisser limit of the cells under sunlight illumination,®® which is
about 27% for the bandgap of the PVK considered.
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Table 2.2: Photovoltaic parameters predicted for the wide bandgap PVK solar cells when placed on the ends
of the h-CPP-P29-R8 guiding structure, under direct illumination of blue, green, and red LEDs.

LED J, (A/m2?) V.. (V) FF I.gp (W/m2) PCE (%)

Blue 7.91 1.51 0.80 24.59 38.86
Green 10.29 1.51 0.80 26.25 47.37
Red 9.14 1.51 0.80 21.29 51.88

In summary, the use of the guiding structure herein proposed with high bandgap PVK
solar cells incorporated in its front and back ends is expected to allow for the direct use
of 37.1% of the initial light irradiance, corresponding to the 74.2% of p-polarized light
emitted from the top MRP, and for the conversion to electric power of more than 25% of
the incident light, considering the color-averaged PCE for the calculation of the recycled
power. This means that 62.1% of the power can be efficiently used in our configuration.
The nearly 38% of light losses estimated, which include the s-polarized light transmit-
ted from the MRP, the losses on the bottom reflector, and the parasitic absorption and
thermalization losses on the PVK solar cell, are considerably below the 50% of light lost
solely by the use of the absorbing polarizers typically employed in LCD displays.

2.2.4 Spatial and angular distribution of the light transmitted

The LEDs commercially available for LCD applications emit light within a cone of
a given angular range, as illustrated in Figure 2.13 a). To study the effect produced by
this angular distribution of the emitted light, small variations in the angle of incidence
of the light respective to the normal of the incident plane A were considered for the
optimal h-CPP-P29-R8 configuration found in Section 2.2.2. In particular, a set of 5
different discrete angles of incidence were studied, centered at the 12 deg angle used for
the optimization of the guide structure, as shown in Figure 2.13 b).

Figure 2.14 shows how the angle of the light emitted from the LED relative to the
guide axis affects the light distribution alongside the guiding structure, namely in terms
of power detected in a plane parallel to the guide, light absorbed at the bottom reflective
element and light reaching each of the ends of the guide.

As the figure clearly indicates, for the smallest angle of incidence of 6 deg, the power
detected for both polarization components, as well as the light losses by absorption at
the bottom reflective element, are considerably smaller than for the remaining cases.
This happens because the incident light is practically directed towards the front end of
the guide (the one opposed to the plane of incidence, A), reaching that interface before
performing a significant number of reflections, which is in agreement with the findings
from Figure 2.14 c) and d). For the remaining angles of incidence, it is possible to
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7

Figure 2.13: a) Schematic representation of the light emission by an LED source, within a cone of angular
range Af. Although the intensity of the light emitted is maximum in the forward direction, there is still
substantial light emission for angles deviating up to A6 relative to the normal to the surface of the LED,
which must be taken into account when such sources are used. b) Change in the angle of incidence of the
light in the guiding structure due to the emission of the LED within a given angular range, with the indication
of the incident angles considered in this section. This scheme is merely illustrative and the dimensions of
the different elements, as well as the angles, are not at scale.

observe a decrease in the power detected for both polarizations, together with a very
slight increase in the light absorbed at the bottom element and the one reaching the front
and back ends of the guide, whenever the angle of the incident light is increased from
9 deg to 18 deg. In particular, when the angle of the LED light emission relative to the
normal of the plane of incidence is 12 deg, the value chosen for the optimization of the
guiding structure, the polarization extinction ratio obtained is slightly lower and there is
a better balance between the light reaching the front and back ends of the guide.

Regardless of that, the light distribution in the guide does not change considerably
with the angle of incidence, which confirms that the optimal structure obtained in the
previous chapters is very well suited to be used in real devices where the LED emits light
within a certain angular range.
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Figure 2.14: a) s- and p-polarized power detected on a plane parallel to the guide (left axis), as well as
polarization extinction ratio (right axis), b) light losses on the bottom reflective element, c) light arriving
to the ends of the guiding structure for each of the polarization component and d) relative amount of light
guided towards each one of the ends of the fiber plate as a function of the angle of incidence relative to the
guide axis, 0.
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To finalize, the properties of the p-polarized light emitted out of the guiding structure
from the MRP top interface towards the user of the LCD display must be accessed for the
different angles of the incident light under study. In particular, it is important to determine
the spatial and angular distribution of the light transmitted, to guarantee that the guiding
structure emits homogeneously distributed diffuse polarized light, as required for these
applications.

Figure 2.15 shows the spatial distribution along the horizontal position of the guide
of the p-polarized light emitted from the MRP, for the different incident angles and the
three wavelengths of the light under study. As clearly observed, for the 12 deg angle of
incidence considered for the optimization of the guide, light is mostly emitted from the
central part of the fiber plate, regardless of the wavelength considered. Shifting towards
higher angles of incidence results in a stronger emission closer to the incident plane A
(see Figure 2.1), while the use of lower angles shifts the light emission to the front end of
the guide. For the limiting case where the light is incident with an angle of 6 deg relative
to the incident plane, an emission very close to the front end of the guide is obtained.
This is in agreement with the previous findings of Figure 2.14 that, for such an angle of
incidence, light is almost directed to the front end of the guide. Nevertheless, when the
contributions of all angles of incidence are considered, as in a real LED source, a fairly
homogenous light emission is observed along the top surface of the guide.

A similar effect is observed for the angular distribution of the p-polarized light emit-
ted from the guiding structure, as demonstrated in Figure 2.16 for both blue, green, and
red light. In this case, regardless of the wavelength of the incident light, a quite narrow
angular distribution of the light emitted out of the guide is obtained when a single inci-
dent angle is considered, with higher angles of incidence resulting in emissions closer to
the direction normal to the guiding structure (0 deg). However, when the contributions
of all angles of incidence are considered, a broader emission of the light in an angular
range spanning from —40 deg to 410 deg is obtained. This partial directionality of the
light transmitted, combined with the emission of homogeneously distributed polarized
light with reduced losses, should be optimal to increase the efficiency in optoelectronic
devices, such as smartphones or tablets, which are typically viewed from a certain angular
range.
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Figure 2.15: Spatial distribution of the p-polarized light that is emitted from the guiding structure, for
different angles of incidence, for 466 nm, 560 nm, and 630 nm wavelengths. The sum of all contributions is
also shown (black dashed line).
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2.3 Experimental fabrication of the guiding structure

In an experimental realization of such light guiding system, the MRP was deposited
by magnetron sputtering on top of an h-CPP, fabricated on an Eagle XG glass substrate
using a curable polymer with a refractive index of n = 1.52 and following the procedure
reported in the literature.'* Note that a combination of TiO, and SiO,, instead of WO;
and LiF, was chosen for the experimental fabrication of the MRP, as these materials
present a high refractive index contrast and are compatible with magnetron sputtering
deposition.

Figure 2.17: Cross-section SEM images of the multilayer reflective polarizer deposited on top of the cor-
rugated h-CPP, where the profile variation alongside one cylindrical fiber can be seen. The inset pictures
correspond to the magnified SEM micrographs in the region of intersection between two adjacent fibers (top
left corner), showing the good coverage obtained for the multilayer structure, and in the dielectric multilayer
(top right corner), emphasizing the irregular distribution of thicknesses deposited. The darker areas are con-
formed by SiO; layers and the lighter ones by TiO,. From Reference 14.

SEM micrographs in Figure 2.17 show a high-quality stack, without any signs of
cracking and with very good coverage of the h-CPP, including the region of intersec-
tion between adjacent half-cylinders. However, a closer look at the cross-section SEM
micrograph reveals a variation in the thickness of the MRP layers within a single half-
cylinder. Indeed, the central part is covered by thicker layers than the regions close to the
intersection between half-cylinders. As can be seen in Figure 2.18, the thickness of the
layers linearly decreases in terms of the angle 0,1, between the normal to the fiber at a
given point P and the normal to the guide axis on the bottom of the h-CPP, as this angle
increases from O to nearly 60 deg, where the two adjacent cylinders intersect.
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Figure 2.18: a) Schematic representation of a single half-cylinder, with the indication of the dimensions, x
axis direction and angle 6,0rm used for the calculation of the thickness profile. b) Thickness as a function
of the angle Onorm for 4 different points extracted from the SEM profile of the MRP, and the corresponding
linear fitting of the data (dark dashed line).

By taking this thickness variation into account, we performed a re-optimization of the
MREP structure to minimize the polarization extinction ratio. In this case, we considered a
total of 25 layers, as this was seen to be sufficient to achieve saturation in the polarization
extinction ratio when using the combination of TiO; and SiO,. The wavelengths con-
sidered for the optimization of the MRP structure were 450 nm, 532 nm, and 635 nm,
which correspond to the emission wavelengths of the lasers used to experimentally irra-
diate the guide with monochromatic light. The best configuration obtained is presented
in Table 2.3.

Table 2.3: Configuration of the multilayer reflective polarizer experimentally deposited by magnetron sput-
tering.

Top multilayer reflective polarizer
Substrate/TiO,(62nm)/Si0,(128nm)/TiO,(141nm)/SiO,(129nm)/TiO,(164nm)/
Si0,(76nm)/TiO,(65nm)/Si02(92nm)/TiO,(52nm)/Si0,(134nm)/TiO,(140nm)/

Si0,(125nm)/TiO,(117nm)/Si0,(156nm)/TiO,(82nm)/TiO,(120nm)/TiO, (78nm)/
Si0,(148nm)/Ti0,(53nm)/Si0,(92nm)/TiO,(44nm)/Si0,(106nm)/TiO,(85nm)/
Si0,(116nm)/TiO,(63nm)/air
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2.3. Experimental fabrication of the guiding structure

As the results from Table 2.4 indicate, when one accounts for this thickness varia-
tion, the polarization extinction ratio increases due to an increase in the s-polarized light
emitted out of the multilayer reflective polarizer. Nevertheless, a remarkable separation
of the polarization components can still be expected. To experimentally measure such a
ratio, an experimental set-up as the one schematically shown in Figure 2.19 a) was used
to measure the light transmitted by the fabricated MRP on top of the h-CPP. The T and
T,, measured spectra are shown in Figure 2.19 b) and compared to the ones determined by
the numerical simulations. Note that in this configuration there is no reflective element
at the bottom surface of the h-CPP, being the light introduced from this interface.

Table 2.4: Simulated light distribution in the guiding structure for the best 25-layer MRP made of TiO, and
SiO; and optimized by taking into account the thickness variation experimentally observed alongside each

half-cylinder.
450nm 532nm 635nm Average

Light emitted from MRP (s) 16.8% 21.0% 38.7% 25.5%
Light emitted from MRP (p) 62.7% 70.8% 71.9% 68.5%

Light absorbed at the bottom (s) 1.6% 1.0% 2.4% 1.6%
Light absorbed at the bottom (p) 5.2% 2.2% 2.8% 3.4%

Light reaching the PVK cells (s)  81.4% 77.5%  57.0% 72.0%
Light reaching the PVK cells (p)  29.4% 23.2% 16.6% 23.1%

The results from Figure 2.19 b) reveal a remarkable agreement between the 75 and
T}, spectra experimentally measured and the theoretical predictions from the numerical
model, for the whole range of wavelengths considered. In particular, the transmittance
of the s-polarized light is very low in a broad wavelength range: below 5% for the red
and green wavelengths and below 10% for the blue one, while the p-polarized light trans-
mitted out of the MRP is always significantly higher, with values close to 20% for all
the wavelengths of interest. This confirms the selectively reflective character of the MRP
for the s-polarized light, which provides good separation between the two polarization
components, as expected.



2. Design of a novel guiding structure for the emission of diffuse polarized light with low losses

a)

INTEGRATING

PHOTODIODE

SAMPLE —>

POLARIZER
LENS

LAMP

MONOCHROMATOR

CHOPPER

b) 50 ; ; :
: ' H T(s) experimental
: : R T(s) simulated
40 : ——— T(p) experimental
: : P e T(p) simulated
S : : E
[0} 1 H H
O ' ' :
c | H H
) ' : :
IS ! : :
7] ! : :
C ' e '
o :
~ H E
0 t . H
450

T
500

T
550

6(IJO
A (nm)

T T T
650 700 750

800

Figure 2.19: a) Optical setup used for the measurement of the total transmittance of the 25-layer reflective
polarizer deposited on top of the h-CPP. Adapted from Reference 14. b) Comparison between the exper-
imental measurements (solid lines) and the simulated spectra (dotted lines) for the light transmitted out of
the MRP, using the configuration illustrated in a). The three wavelengths of emission of the light considered
in this thesis are identified by the colored vertical dashed lines.
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2.4. Conclusions

2.4 Conclusions

In this chapter, a novel light-guiding structure was proposed to emit diffuse polarized
light with low losses while at the same time offering a high potential for light recyclability
by converting the discarded light with the unwanted polarization into electrical power by
using photovoltaic cells. This structure may find its primary application as the backlight
unit of liquid crystal displays, which currently suffer from major energy losses due to the
incorporation of absorbing polarizers.

The structure herein introduced relies, on the one hand, on a half-cylinder photonic
plate to reach an ergodic propagation of the light, ideal to subsequently obtain a homo-
geneous light diffusion and, on the other hand, on a multilayer polarizer to achieve a
broadband light polarization. To determine the optimal configuration for the MRP, an
inverse design approach based on a genetic algorithm and simultaneously combining ray
and wave optics propagation was implemented. The result was a structure capable of
achieving a low polarization extinction ratio of about 0.1 for a broadband wavelength
range spanning from 400 to 650 nm, with very low energy losses. In addition, it was
demonstrated that the bandgap tunability and low V. losses intrinsic to many PVK solar
cells make this type of cells ideal to reach a maximum conversion of the discarded light
into electricity. Indeed, it was estimated that, by integrating PVK photovoltaic cells with
bandgap appropriately tuned to the emission wavelength of the red LED into the front
and back ends of the guide, the total light losses in the structure could be reduced to
nearly 38%, a value which is significantly lower than the 50% of light lost solely by the
use of absorbing polarizers employed in the commercial LCDs. However, this is not the
ultimate limit and light power losses may be reduced even more by further optimization
of the PVK cell or the geometry of the h-CPP.
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Chapter

Absorption limit in bismuth vanadate
photoanodes

The search for energy-efficient designs encompasses, in addition to the minimiza-
tion of the light losses explored in Chapter 2, the maximization of light absorption in
the semiconductor active layers of the energy transformation devices to achieve optimal
conversion efficiency.

In this regard, the present chapter aims at exploring the limits of light absorption and
conversion in bismuth vanadate photoanodes for PEC water splitting, particularly in the
region below the bandgap, where the presence of optical absorption states was recurrently
observed,'4~138 but their contribution to the photon-to-current conversion was never ex-
plicitly addressed. To do so, high-sensitivity EQE measurements are employed to probe
the low photocurrents generated by ultrathin (<100 nm) flat BVO photoanodes in this
spectral region, which allows us to estimate in a more realistic way the maximum current
density achievable by the BVO material when employed as a photoanode for the water-
splitting reaction. To reach such a limit, one may need to combine a scattering mechanism
to alter the trajectory of photons away from the incident direction with a light-trapping
approach including, for instance, the design of the BVO layer to allow for an ergodic
propagation of the light, as previously discussed. Aiming for such a double purpose, in
the end of the chapter we propose a preliminary design for the BVO-based photoanode
that incorporates a 3-dimensional (3-D) nano-structuration for increased photocurrent in
the vicinity of the bandgap.

3.1 Bismuth vanadate used as photoanode in a PEC cell

Bismuth vanadate thin films were spin-coated on top of glass/FTO/SnO, substrates,
following the procedure reported in the literature.'>”

Cross-section SEM analysis of Figure 3.1 a) reveals the formation of a compact BVO
film, that completely covers the surface of the FTO. From this sort of micrograph, it was
possible to extract the average thicknesses of the different layers, obtaining 90 nm for the
BVO, as shown in Figure 3.1 b), and 600 nm for the FTO, while the SnO, layer was not
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3. Absorption limit in bismuth vanadate photoanodes

distinguishable in the SEM micrographs. In addition, from the top-view SEM analysis of
Figure 3.1 c) we see that the BVO is composed of a polycrystalline structure with a grain
size in the direction parallel to the layer ranging between 100 and 200 nm, as shown in
the statistical distribution from Figure 3.1 d). Such small grains ensure negligible light
dispersion by scattering, resulting in very transparent yellowish photoanodes, as revealed
by the photograph in Figure 3.2 a). Indeed, despite the high absorption observed in the
low wavelength range, corresponding to energies higher than the bandgap of the BVO, for
the spectral region with a wavelength larger than 500 nm, the photoanode transmittance
observed was higher than 60%, as seen in Figure 3.2 b).
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BVO grain size (nm)

Figure 3.1: a) Cross-section SEM of a BVO photoanode, from which it was possible to extract the b)
thickness of the BVO active layer at different positions in the sample and to calculate its average value.
¢) Top surface SEM of the same photoanode, which provided information about the d) grain size distribution.
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3.1. Bismuth vanadate used as photoanode in a PEC cell
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Figure 3.2: a) Photograph of a photoanode experimentally prepared, highlighting its high transparency,
visible to the naked eye. b) Optical transmittance and reflectance spectra of the same photoanode.

To facilitate the oxygen evolution reaction, the BVO photoanodes were covered by
a FeOOH/NiOOH catalyst deposited by consecutive photo-assisted electrodeposition of
FeSO, and NiSO,.'%" Despite the enhancement it brings in terms of PEC performance,
this catalyst does not affect the optical properties of the photoanodes.

3.1.1 EQE from sub-bandgap excitation

To investigate the contribution to the photocurrent from sub-bandgap excitation, de-
rived from the creation of an electron-hole pair after the absorption of a photon with
an energy lower than E, of the BVO, we performed high-sensitivity measurements of
the EQE of the 90 nm thick BVO photoanodes mounted in a PEC cell containing a
pH 9 electrolyte solution of 1.0 M KBi. A potential of 1.23 Vryg was applied to the
photoanodes, which were illuminated from a transparent glass window placed on the
cell side opposite to the BVO, as shown in Figure 3.3 a). Detailed information about
the EQE measurements can be found in Appendix B. Note that, to avoid interference
from the monochromator grating second order lines, which may also contribute to the
photocurrent, a series of low-pass optical frequency filters were added in between the
monochromator exit and the PEC cell. To increase the signal-to-noise ratio and ensure
reproducibility of the results, the EQE was determined from the average spectra of ten
different BVO samples fabricated under the same conditions and measured following the
same procedure, described in Appendix B.

From the EQE measurements covering the spectral region ranging from 2.0 eV up to
4.0 eV, shown in Figures 3.3 b) and c), one observes that when the effective length of the
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3. Absorption limit in bismuth vanadate photoanodes

BVO layer is doubled by a high reflectivity Ag mirror, which was placed facing the back
side of the glass substrate that supports the photoanode, as seen in Figure 3.3 a), the con-
tribution to the photocurrent increases for energies above as well as below the bandgap.
For the sub-bandgap excitation (<2.4 eV), it is a clear indication that the contribution to
the photocurrent occurs mostly from an excitation in the bulk of the BVO layer instead
of a photoexcitation at the interfaces. As can be seen in Figure 3.3 c), for excitation
energies in the ~ 2.20 — 2.55 eV range, the EQE in a logarithmic scale is increased by
the same constant factor when the effective length of the BVO layer is doubled, which is
in agreement with a material dependence of the EQE in this spectral range.
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Figure 3.3: a) Configuration used for the EQE measurements of the BVO photoanodes, including a back
Ag mirror. The image is not at scale. b), ¢) EQE of the photoanodes as a function of the photon energy, with
and without the introduction of the reflective silver mirror. The curves shown in both plots correspond to
the average values of the spectra obtained for ten different BVO photoanodes. In c), the EQE is plotted in a
logarithmic scale to emphasize the exponential decay observed in the vicinity of the bandgap.
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3.1. Bismuth vanadate used as photoanode in a PEC cell

3.1.2 Effective refractive index

To obtain an accurate estimate of the limit photocurrent that one may expect to reach
when illuminating a given BVO crystal, it is necessary to have an accurate numerical
prediction of the real and imaginary parts of the BVO effective refractive indexes. For
the below-bandgap region it is important to extract such effective refractive indexes also
from the EQE measurements, instead of the standard procedure in which one would
obtain them solely from reflectance or transmittance measurements. This is so because
one is interested in the fraction of absorbed photons that contribute to effective charge
transport in the BVO.

The procedure we followed was first to propose an analytical expression that would
allow us to compute the imaginary part of the dielectric function as a function of the pho-
ton excitation energy. For that, we considered the Lorentz model and its modifications
introduced by Tauc and Cody,'%'~1%3 which are commonly used to provide an accurate de-
scription of the imaginary part of the refractive index in the neighborhood of the bandgap
in semiconductor-type materials. To account for the contribution to charge transport from
excitation of below-the-gap states, we modified these models by incorporating in them
an Urbach tail term!%* 16> expressed as:

o X exXp (E;Et> , 3.1
U

where « is the absorption coefficient, E} is the transition energy at which the Urbach tail
starts and Fys is the Urbach energy.

The final expressions used for the imaginary part of the dielectric function are given
in Appendix A. Starting from there, we applied the Kramers-Kronig relations to nu-
merically obtain the real part of such a dielectric function and to calculate the effective
refractive indexes of the BVO. These indexes were used to compute the EQE, using the
transfer matrix formalism described in Section 1.5.1. A least means square algorithm,
presented in Section 1.5.2, was implemented to optimize the parameters of the models, in
order to minimize the difference between the experimental and the simulated EQEs. For
the transfer matrix computation, we neglected the contribution from the SnO; layer, not
distinguishable in the SEM measurements. The best fittings were obtained using a Cody-
Lorentz model with two bounded oscillators centered at 2.74 eV and 3.54 eV, together
with an Urbach tail starting at an energy F; of 2.55 eV and with an Urbach energy Ey of
40.6 meV, which is in line with the values reported for other amorphous semiconductor
materials, such as amorphous silicon,'°-1% and some PVK compositions.'®*179 The
bandgap parameter extracted from the fitting was 2.42 eV, in agreement with previous
findings for the BVO material.!#-1%171-173 The final values for the effective refractive
index are shown as a function of the photon energy in Figure 3.4 a).



3. Absorption limit in bismuth vanadate photoanodes

100
a) 2.5+ b) Transmittance - Experimental
«+++++« Transmittance - Simulated
= - Reflectance - Experimental
204 s 804 e Reflectance - Simulated
' s
by 8 g
215 2 604
3 Refractive index, real ]
41.0+ Refractive index, imaginary S 40
'd E
E
@
&
0.5+ =
0-0 T T T T T T T T T T ¥ 0 S T T T T T
300 350 400 450 500 550 600 300 350 400 450 500 550 600
% (nm) A (nm)
c) 80 . d)10? ,
Only BVO (experimental) Only BVO (experimental)
70] Only BVO (simulated 1=0.60) «eeee- Only BVO (simulated 1=0.60)
—— BVO with Ag mirror (experimental) 1014~ BVO with Ag mirror (experimental)
60 Teeeeen BVO with Ag mirror (simulated n=0.60) | e BVO with Ag mirror (simulated n=0.60)
4 100_
504
o 404 Y 1074
g ] s}
w i}
304 1072
204
i 1034
104
1 10+
O T T T T T T T T T T
2.0 2.4 28 32 3.6 4.0 21 22 2.3 24 25
E (eV) E (eV)

Figure 3.4: a) Real (solid) and imaginary (dashed) parts of the effective refractive index of the BVO, deter-
mined from the high sensitivity EQE measurements. b) Comparison between the experimental (solid lines)
and the simulated (dotted lines) transmittance and reflectance spectra of the BVO. c) - d) EQE spectra of
the BVO photoanodes immersed in a 1.0 M solution of KBi containing 0.2 M of SO;", with and without the
introduction of a very reflective back silver mirror. While c) shows the comparison between the experimental
and simulated EQE of the BVO for the whole energy range under study, d) describes in detail the behavior
in the bandgap and sub-bandgap region.

Using such effective refractive indexes, it was possible to fit with fairly good accu-
racy the transmittance and reflectance of the BVO photoanodes, as seen in Figure 3.4 b).
Note that such fitting should only be approximate provided the effective refractive index
we obtained neglects the contribution to photon absorption that does not lead to charge
transport. On the other hand, when we performed an additional EQE measurement, this
time immersing a BVO photoanode in a KBi electrolyte solution containing 0.2 M of
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3.2. Maximize current density of bismuth vanadate

SO; hole scavenger, we obtained a very good fitting for the EQE response in both con-
figurations, the one with and the one without the highly reflective silver back mirror. As
seen in Figure 3.4 c) and d), this fitting was particularly good in the low absorption region
below the bandgap. Small deviations observed below 2.2 eV may either be related to the
resolution limit of the EQE setup or the presence of deep defect states inside the bandgap,
also observed for other materials.'% 174175

3.2 Maximize current density of bismuth vanadate

If the BVO layer could be configured in an ergodic geometry similar to the ones
discussed in the introduction of this thesis, the contribution of the EQE tail resulting
from the excitation below bandgap would most likely play a key role in reaching the
ultimate conversion of photons into chemical energy. To achieve such kind of goal, one
should implement a scattering mechanism to deviate the photon path from the incident
direction and combine it with a photon trapping mechanism. The implementation of both
strategies may result in a significant increase of the EQE, which may lead to an increase
of the current obtained from the BVO photoanode in the PEC cell, provided that solar
irradiance in the sub-bandgap region is higher, as seen in Figure 1.3 b).

This section is divided into two parts. In the first one, we assume light propagating in
all directions in a thin BVO layer, which allows us to obtain an estimate of the maximum
current density achievable when such a BVO layer is used as a photoanode in a PEC cell.
In the second one, we theoretically consider a three-dimensional nano-structuration of
the photoanode as a preliminary design leading to an increase in photocurrent.

3.2.1 Model limiting current density of BVO photoanodes

Previous estimations of the maximum photocurrent density generated by BVO pho-
toanodes assumed a perfect light absorption above the semiconductor bandgap and a zero
absorption for energies below E,. This assumption established that the upper limit for the
achievable current density from such BVO photoanodes is roughly 7.5 mA/cm?2.!76-178
In this thesis, we attempt to develop a simple theoretical model that considers light prop-
agation in any direction within the tens-of-nanometer thick BVO layer, which would
allow us to obtain a more realistic estimate of the maximum photocurrent achievable by
such a BVO photoanode when the effective refractive indexes are the ones determined in
Section 3.1.2.

In this model, the BVO thin active layer, with a given thickness d, is enclosed between
two semi-infinite media, as seen in Figure 3.5. We assume that plane waves propagating
in all directions denoted by 6 on the xz plane have the same intensity at the point z = zq,
which is located in the yz plane at x = 0. The point 2y chosen is equally separated from
the interfaces that limit the BVO layer. As indicated above in this sub-section, we will
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Figure 3.5: Schematic representation of the model considered to estimate the maximum current density in
BVO photoanodes.

obviate any discussion on the nano-structuration that one may need to implement on the
BVO or surrounding materials to achieve such kind of light propagation. The goal here
is just to obtain an upper limit for the current density when excitation below the bandgap
is properly accounted for.

To consider the propagation from the set of plane waves described above, we use the
transfer matrix formalism introduced in Section 1.5.1. The total electric field at a given
medium j is given by the superposition of all angular components, such that

B~ [ % () = By / Wa giber [81 (k) ¥ 1 67 (k) e 7], 32)
k?z k2z J J

where k; is the x component of the wavevector and % is the z component of the same

wavevector at layer j, while B;T (kz) and B} (k;) determine in layer j the fraction of

the electric field amplitude propagating in the 2- positive and negative directions, respec-

tively.

The time average flux of the electromagnetic field in the 2 direction at any = position
is given by the Poynting vector, (S;(t)), while the total flux flowing from 0 < = < L is
obtained by the integration of (S;(t)), over such an interval.

By calculating the ratio between the total fluxes entering and leaving a given medium,
it is possible to obtain the electromagnetic field transmitted from the BVO layer to
medium I, 751, and to medium III, T53. Considering that there are no other loss sources,
the total electromagnetic field absorption in a portion of the BVO with length L is
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Finally, from such absorption, it is possible to calculate the current density generated
by the BVO photoanode, by direct application of equation (1.1).

(3.3)
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Figure 3.6: a) Maximum J,. calculated as a function of the thickness of the BVO active layer, for the cases
where the final medium is either a perfect mirror or a silver mirror. b) Maximum J,. calculated as a function
of the lateral dimension, L, for different cutoff energies. A 200 nm thick BVO active layer was considered
to be enclosed between water and a semi-infinite silver mirror.

In a numerical application to determine the maximum achievable Js., we assumed
an infinitely long BVO in the z-direction. As seen in Figure 3.6 a), when the BVO
thickness in the z-direction is increased and layer III is a perfect mirror, the J. saturates
approximately to 12.4 mA/cm? when such BVO thickness exceeds 100 nm. If instead
of using a perfect mirror, layer III is an Ag mirror, the Jy saturates roughly to the same
value but after the BVO thickness exceeds 150 nm. This J is considerably higher than
the 7.5 mA/cm? currently reported in the literature,'’%~'7® emphasizing the importance of
accounting for the contribution to Js. from below-bandgap excitation to properly estimate
the maximum photocurrent that can be extracted from BVO photoanodes. For this latter
case, where the bandgap is assumed at 2.42 eV, when applying the model from this sub-
section to a finite length L in the x-direction, the J,. saturates slightly above 7 mA/cm?,
when L exceeds 100 um, as seen in Figure 3.6 b). When including excitation below the
bandgap, setting a threshold at 2.20 eV where an excellent fitting of the EQE spectra
was obtained, the .J,. saturates at 9.7 mA/cm?. Finally, for the case where conversion of
light into current is considered to begin at 2.05 eV, the lowest energy for which current is
experimentally detected in our setup, the Jy. saturates to 12.3 mA/cm? when the length
L is larger than 100 pm.
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3.2.2 Introduce 3-D structures for enhanced current density

From the previous subsection, we conclude that the contribution to the Jg. from ex-
citation below the bandgap may be very relevant and lead to photocurrents in BVO pho-
toanode almost doubling the currently accepted maximum. However, this would require
a very effective mechanism to deviate the light propagation from the incident direction
perpendicular to the layer to a direction along the large dimension of such a layer. To
achieve this deviation by light scattering, we first considered, as seen in Figure 3.7 a), in-
corporating a periodic array of 3-dimensional scatterers shaped as cylinders of radius 7,
height A, and separation w. To allow for an efficient water-splitting reaction, we limited
the surface area covered by such scatterers to less than 40%.
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Figure 3.7: a) Side view (left) and top view (right) of a BVO photoanode incorporating an array of 3-D
cylindrical scatterers on its top surface. The images are not at scale. b), ¢) EQE and Js. calculated for a
BVO photoanode covered by cylindrical scatterers as a function of b) the material used or c) the cylinder
dimensions considered. In both cases, the results are compared with the response of a planar photoanode
with the same layer configuration but without the introduction of any 3-D scattering array. The dimensions
indicated in the legends of b) and c) correspond to the radius and height of the cylinders studied.
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Figure 3.8: a) Different geometries of the scatterers considered in this thesis, which include cylindrical,
spherical, and conical shapes, with indication of their main dimensions, r and h. b) EQE and Js. of a BVO
photoanode incorporating an array of TiO, scatterers of different geometries, with 350 nm of radius and
350 nm of height (when applicable), in comparison to the results obtained for planar photoanodes with the
same layer configuration.

To computationally solve the 3-D Maxwell equations describing the electromagnetic
field propagation in such a system incorporating an array of scatterers, a finite ele-
ment method was employed through the use of COMSOL Multiphysics® software.!””
The results obtained when considering scattering elements of different dielectric mate-
rials, dimensions and shapes are presented in Figure 3.7 and Figure 3.8. As shown in
Figure 3.7 b), when the material used for the cylinder exhibited a higher refractive index
contrast relative to the electrolyte (see Appendix A), the 3-D scattering structure pro-
vided a more significant enhancement in the EQE and Js. of the BVO photoanode. As
we expected, this can be attributed to a more effective scattering of the incoming light
due to the highest index contrast existent between the cylinder and the incident medium.
Based on this, TiO, appears to be the most suitable material to employ for the scatterers.
According to the results of Figure 3.7 ¢), small TiO, cylinders show a good capability to
enhance light absorption between about 350 nm and 475 nm, but they fail to bring sig-
nificant improvement in the region where the BVO absorption drops. In contrast, larger
cylinders can ensure broadband EQE enhancement, including the bandgap region, with
an apparent redshift of the absorption edge observed when the radius and height of the
cylinders are either 200 nm or 350 nm. Such an array of big cylinders was the one that
ultimately provided higher enhancements in the EQE and Jg. of the BVO. The use of
spherical or conical scatterers, shown in Figure 3.8 a), with similar dimensions did not
bring any significant increase with respect to the cylindrical scatterers, as can be seen in
Figure 3.8 b).
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3.3 Conclusions

This chapter aimed to explore the light absorption and conversion limits of BVO pho-
toanodes for the water-splitting reaction, through high-sensitivity EQE measurements.

These measurements, performed with and without the presence of a highly reflective
silver mirror on the back of the glass substrate, allowed us to resolve very accurately the
EQE in the region close to and right below the bandgap of the BVO, from which it was
possible to determine with high precision the effective refractive indexes of this mate-
rial. This was done by modeling light propagation inside the planar photoanode, using a
transfer matrix method, and by minimizing the differences between the experimental and
simulated EQE spectra, through the use of a least mean squares algorithm.

By taking into account the photocurrent generation observed for energies below the
bandgap of the BVO, it was possible to estimate the upper limit for the Jy. achievable
from this material. To do so, we developed a simple model that considers the effective
refractive indexes determined for the different materials, as well as the thickness of the
BVO layer, to estimate the photocurrent limit that can be produced by BVO photoanodes
when performing the water-splitting reaction. In this regard, current densities of about
12.3 mA/cm? were obtained, provided the lateral dimension of the BVO layer is 100 um
or larger, a J,. which is significantly higher than the 7.5 mA/cm? currently reported in the
literature. To reach such a limit, an effective light scattering and trapping inside the BVO
active layer is needed, to maximize light absorption and conversion. The introduction of
a periodic array of scatterers with simple geometries led to an enhancement of the EQE of
the BVO in the vicinity of the bandgap, but the current densities obtained are still far from
the limit. The results from such a preliminary study are a good indication that a route
based on introducing scatters may be adequate. However, more powerful approaches,
such as inverse design techniques involving the solution to the 3-dimensional Maxwell
equations, might be needed to find configurations capable of bringing the J,. closer to
the estimated limit.
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Chapter

Optimization of BVO-OPV tandem
devices

As afirst step to approach a highly efficient unassisted water-splitting reaction, in the
present chapter we consider the modeling, optimization and assembly of compact tandem
PEC devices incorporating a highly transparent BVO photoanode studied in Chapter 3
together with an OPV cell based on a PM6:Y6 polymer with a low bandgap of about
1.3 eV. Such bandgap is selected because it was previously demonstrated to be the the-
oretically ideal one to achieve maximum STH conversion efficiency in systems that are
composed of two distinctive light absorbing elements in a tandem configuration.”>83-83
To properly balance light absorption among both elements, according to their respec-
tive light absorption profiles, an inverse design approach will be applied to determine
the optimal configuration of a planar dielectric multilayer (ML) structure introduced in
between the BVO and the OPV cell.

4.1 Modeling the optimal bias-free performance of the tandem

To obtain a compact tandem PEC device where a high bias-free STH conversion effi-
ciency can be achieved, in this thesis we propose the design and implementation of a tan-
dem configuration incorporating a highly transparent BVO photoanode and a PM6:Y6-
based OPV cell that has a complementary absorption profile to the one of the BVO, as
shown in Figure 4.1 a). To achieve an optimal light distribution among the different
elements of the tandem and to enhance the limited current density that can be obtained
from the BVO layer due to its small thickness, the conventional ITO used in OPV solar
cells was replaced by a thin Ag layer as the electrode facing the BVO photoanode. This
silver electrode was combined with a dielectric multilayer structure, placed in between
the photoanode and the PM6:Y6 photovoltaic cell, as illustrated in Figure 4.1 b), to pro-
vide an adequate light distribution among both elements in the tandem.

To find the optimal ML+OPV(Ag) configuration, in terms of the number of layers,
material combinations, and thicknesses for these layers, an inverse design approach was
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Figure 4.1: a) Comparison between the extinction coefficients of the BVO and of the PM6:Y6 organic
polymer. b) Schematic illustration of the compact tandem devices considered in this thesis, which consist of
a front BVO photoanode deposited on a SnO,/FTO/glass substrate and of a back PM6:Y6-based OPV cell
fabricated on top of a multilayer structure covered by thin silver.

employed using a genetic algorithm, described in detail in the introduction of this thesis
and available at MATLAB®,'37 with the objective of maximizing the bias-free current
density flowing through the tandem device. Provided the rather limited .J-V performance
of the BVO photoanode when compared to the OPV cell, illustrated in Figure 4.2 a), and
to prevent operation of the tandem in the region where the J-V curve of the OPV bends,
the above mentioned inverse design approach was implemented in a computational model
that combines the general transfer matrix formalism, for the computation of the short
circuit current densities, with a diode approximation to describe the JJ-V characteristics
of both elements in the tandem.””-'80-182 " A complete description of the model used,
together with the experimental relationships found between the electrical parameters for
both photoanode and OPV cell can be found in Appendix C.

Among the different combinations of dielectric materials considered in the computa-
tion of the ML when applying the inverse design approach, it was found that the highest
bias-free current density would be achieved when intercalating TiO, and SiO,, as they
show the highest contrast in the refractive index. This is illustrated in Figure 4.2 b), where
itis clearly visible that the other two combinations considered, MoOs/LiF and TiO,/ZnO,
exhibited a lower performance. Here, it may be noted that the material combinations
chosen were limited to materials that can be deposited by the same physical deposition
method, to reduce the fabrication complexity: MoO3 and LiF are both deposited by ther-
mal evaporation, while TiO,, SiO,, and ZnO are all deposited by magnetron sputtering.
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Figure 4.2: a) Schematic representation of the J-V curves of a BVO photoanode (orange) and of an OPV
cell (green). The point where both curves intersect (signaled with a star) relates to the bias-free perfor-
mance of the tandem device and was considered as the target to maximize by the inverse design approach.
b) Predicted increase in bias-free current density of the tandem device with the number of dielectric layers
in the multilayer structure, for a different combination of dielectric materials. The ITO cell with no ML,
OPV(ITO), is considered as reference, so the values presented correspond to the percentage increases in
bias-free current density comparatively to the OPV(ITO) tandem device.

In the simulations, the FTO and BVO layer thicknesses were kept fixed to the experi-
mentally determined values, of 600 nm and 90 nm, respectively, while the SnO, layer
was not included in the computation due to its negligible optical role. To limit charge
recombination and to prevent large losses in charge collection in the OPV cell, its active
layer was allowed to have a maximum thickness of 120 nm,'®? while to maintain a high
conductivity for the front electrode of that same cell, the minimum thickness of the Ag
was set to 7 nm.*>*8 The refractive indexes used for the BVO are the ones determined in
Chapter 3, while the indexes of all other materials are plotted in Appendix A.

As demonstrated in Figure 4.2 b), for the optimal combination of TiO, and SiO,,
Jbias—free tends to saturate as the number of layers in the ML increases, and only small
gains are achieved beyond the 8-layer ML. When the ML+OPV(Ag) tandems are com-
pared to a tandem incorporating an ITO-based OPV cell, OPV(ITO), the maximum pre-
dicted gain is close to 20%.

Table 4.1 shows the optimal configurations found for a set of ML+OPYV photovoltaic
cells with different numbers of layers in the ML, together with the nomenclatures used to
identify them. As seen in the table, the inverse design approach led to MLs that deviate
from the periodic A/4 configuration to better distribute the light within the tandem device,
by simultaneously enhancing reflectivity and transparency for wavelengths within the
BVO and PM6:Y6 absorption bands, respectively.
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4. Optimization of BVO-OPYV tandem devices

Table 4.1: Optimal configurations obtained for different multilayer structures. The layers of the OPV cell
in all cases are ZnO-SG(10nm)/PM6:Y6/MoO3(5nm)/Ag(100nm).

Sample name ML+OPY electrode tIl)lll\;[lfnZ:s
OPV(ITO) ITO(135nm) 100nm
OPV(Ag) Ag(10nm) 110nm
ML1+OPV(Ag) TiO,(58nm)/Ag(14nm) 119nm
ML2+0OPV(Ag) TiO,(40nm)/SiO,(37nm)/Ag(9nm) 113nm

ML4+OPV(Ag)  TiO»(40nm)/SiO,(74nm)/TiO,(41nm)/SiO,(44nm)/Ag(7nm)  112nm

TiO,(33nm)/Si0,(74nm)/TiO,(40nm)/SiO, (74nm)/

ML8+OPV(Ag) TiO,(42nm)/Si0,(81nm)/TiO,(43nm)/Si0,(32nm)/Ag(7nm)

109nm

4.2 Experimental fabrication of the multilayer structures

Multilayer structures with the configurations indicated in Table 4.1 were fabricated
on top of Eagle XG glass substrates by reactive magnetron sputtering, using Ti and n-
type Si targets, and O, as reactive gas. This method allowed for the deposition of very
flat layers, as demonstrated in the cross-section SEM micrograph of Figure 4.3 a), with
optical properties that strongly depend on the number of dielectric layers deposited, as
evidenced by the color shift towards orange clearly visible at naked eye and seen in
Figure 4.3 b).

All five ML structures fabricated were covered by very thin Ag layers, ranging from
7 nm to 14 nm, which served as electrodes for the OPV cells. To achieve a high opti-
cal and electrical quality for this thin silver, a small flux of oxygen was added during
its deposition, by magnetron sputtering, to facilitate the uniform and continuous growth
of such an ultrathin layer.*® In addition, two very thin (~ 5 nm) ZnO layers were in-
troduced, below and above the silver. While the first played the role of flattening the
roughness and increasing the wettability of the TiO,/SiO, surfaces, the latter was added
to prevent any degradation when in contact with the air or the organic materials of the
OPV cell.*” Despite these many beneficial effects, such layers do not play any relevant
optical role and therefore they do not affect the final performance of the tandem devices.
As a result, sheet resistances ranging between 9.3 {2/sq and 23.5 €)/sq, and comparable
to the one of the commercial ITO-covered substrates, were measured for the thin and
semi-transparent silver layers deposited on top of the different dielectric multilayers, as
shown in Figure 4.3 ¢).
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Figure 4.3: a) Cross-section SEM of a ML structure containing 8 dielectric layers. b) Photographs of the
ML structures with different numbers of dielectric layers, covered by the (striped) thin silver, where a clear
change in color is visible with the variation in the number of dielectric layers. ¢) Sheet resistance measured
for the different Ag electrodes used for the OPV cells, in comparison to the standard commercial ITO. These
measurements were performed on fully covered substrates with dimensions 2.5 cm X 2.5 cm.

4.2.1 Performance of the OPV cells deposited on different multilayers

OPYV cells with ZnO-SG(10nm)/PM6:Y 6/MoO3(5nm)/Ag(100nm) configuration and
variable active layer thickness were deposited on top of all electrodes, following the
method described in the literature.'®* Experimentally measured reflectances are shown
in Figure 4.4 a). According to the results, in the low wavelength region where the BVO
absorbs, the reflectivities can be seen to broaden and to increase gradually up to above
90% as the number of layers in the ML increases, while they are roughly maintained
in a 10% to 40% range in the spectral region where the OPV cell is expected to con-
tribute. Note the measured reflectances are in very good agreement with the numerical
predictions shown in Figure 4.4 b). The light with lower wavelengths that is not ini-
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4. Optimization of BVO-OPYV tandem devices

tially absorbed by the thin BVO ends up being strongly reflected by the ML+OPV(Ag)
cell. When the number of layers in the such ML is high, the effective absorption length
in the photoanode doubles. On the contrary, the light with higher wavelengths is very
weakly reflected regardless of the ML structure considered, being instead absorbed in the
PM6:Y6 active layer of the OPV.
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Figure 4.4: a) Experimental and b) simulated reflectance spectra of the OPV(Ag) cells deposited on top of
different multilayer structures. A strong increase in reflectance between 400 nm and 450 nm is observed as
the number of dielectric layers increases and is signalled by an arrow in a).
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Figure 4.5: a) Experimental and b) simulated EQE spectra of the OPV cells deposited on top of different

multilayer structures.
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The changes in optical reflectance reported in Figures 4.4 a) and b) for the OPV cells
with varying numbers of layers in the ML have a clear effect on the EQE of these OPV
cells, as illustrated in Figure 4.5. As clearly observed, for the ML8-based structure, the
EQE of the OPV is practically zero in the spectral region ranging from 300 to 450 nm.
When the number of layers in the ML is increased, the UV side of the EQE of the OPV is
reduced as predicted by the theoretical computation of the EQEs shown in Figure 4.5 b).
Correspondingly, the resulting J. decreases as seen in Figure 4.6 and Table 4.2. The Jg
for the OPV cell still remains much larger than the one from the photoanode, so there is
a negligible negative effect on the OPV when the ML is used.
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Figure 4.6: J-V curves of the OPV cells deposited on top of different multilayer structures.

The J-V response of the OPV cells deposited on ML structures with a varying num-
ber of dielectric layers is plotted in Figure 4.6, while the main photovoltaic parameters
are presented in Table 4.2. According to the results, some variations in Js. are observed
for the different samples, which are explained by the changes in EQE previously re-
ported. No consistent decrease in the V. is observed as the number of layers in the ML
increases. A larger change is seen in the FF, which for the ML8+OPV(Ag) sample is
reduced down to 63.6% relative to the 71% FF of the OPV(Ag) cell without the ML, that
is deposited directly onto the glass substrate. In the tandem operation this will imply that
the operating point shown in Figure 4.2 a) is slightly shifted to lower potentials.
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Table 4.2: Photovoltaic parameters of the PM6:Y6 solar cells prepared on top of the different ML.

Sample name  J (mA/cm?) Vi (mV) FF (%) PCE (%)

OPV(ITO) 23.18 819 66.4 12.61
OPV(Ag) 17.90 815 71.0 10.36
ML1+OPV(Ag) 17.82 815 70.1 10.18
ML2+0OPV(Ag) 17.16 814 70.3 9.82
ML4+0OPV(Ag) 18.16 819 64.2 9.55
ML8+OPV(Ag) 15.07 816 63.6 7.82

4.2.2 Performance of the BVO in front of the different OPV cells

The BVO photoanodes described and used in Chapter 3 were also employed here
when assembling the tandem PEC devices. To investigate the role of the different ML
structures and their capacity to enhance the Jg. (current density at 1.23 Vrygg) extracted
from the photoanode, which is what actually sets the limit performance for the bias-free
PEC, the same BVO photoanode was placed in front of the different electrode-OPV cells
and its photoelectrochemical response was assessed. To clearly separate the ML contri-
bution to the Jy. enhancement from a more or less effective catalysis, these experiments
were performed using a pH 9 electrolyte solution of 1.0 M KBi with 0.2 M of an SO5
hole scavenger. The results obtained for the EQE spectra of the BVO at 1.23 Vryg and
for the J-V response of the photoanode are plotted in Figure 4.7 a) and c), respectively.

As observed, the experimentally measured EQEs are progressively enhanced in the
mid to long wavelength side of the BVO absorption band and apparently infrared shifted,
as the number of TiO,/Si0O; bi-layers increases, in agreement with the predicted behavior
simulated and shown in Figure 4.7 b). This apparent IR shift of the EQE clearly indicates
that the conversion of absorbed photons to collected holes to feed the hydrogen evolution
reaction has not reached its limits in BVO-based PECs, as discussed in Chapter 3. On the
other hand, there is a clear saturation of the EQE on the short wavelength side, even when
the number of layers in the ML is small, which results from a short exciton diffusion and
low minority carrier mobility in the BVO, indicating that the main limitation in this low
wavelength range is the poor electrical performance of photoanode instead of a deficient
light absorption, as also observed in Chapter 3.

When the number of layers in the ML approaches its maximum, the saturation in the
EQE spectra extends to longer wavelengths, which proves that the light absorption en-
hancement provided by the multilayer structure is very effective, even when BVO layers
less than 100 nm thick are being used. This saturation in the light absorption is in agree-
ment with the increase and subsequent saturation of the reflectance of the ML+OPV(Ag)
observed in Figure 4.4 when the number of layers in the multilayer structure approaches
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Figure 4.7: a) Experimental and b) simulated EQE spectra of the BVO photoanode when placed in front
of different ML+OPV(Ag) cells, measured at 1.23 Vgruge. ¢) Current density as a function of the voltage
in reversible hydrogen electrode, RHE, scale (details in Appendix B) for the photoanode placed in front of
different OPV cells with varying number of layers in the ML. d) Percentual change in the photoanode Jsc
when placed before the different ML+OPV(Ag) solar cells, in comparison with the theoretical predictions.
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eight, and clearly demonstrates the importance of the inverse design considered in the
current thesis to find optimal configurations that bring the light absorption in tandem
PEC devices towards its maximum limit.

The increase in BVO light absorption with the number of layers in the ML is directly
translated to a better photocatalytic performance of the photoanode, as demonstrated by
the J-V responses of Figure 4.7 c). A sequential enhancement in the J,. of the photoan-
ode with the number of dielectric layers is demonstrated, in agreement with the current
density enhancement obtained from the integration of the experimental EQE spectra of
Figure 4.7 a). For both cases, the percentual increase in the photoanode Jg. in comparison
to the use of a standard OPV(ITO) solar cell was in good agreement with the computa-
tional predictions, as seen in Figure 4.7 d) and Table 4.3, reaching almost 19% for the
MLS-based structure.

Table 4.3: Current density of the photoanode at 1.23 Vrue. Comparison of the experimental values obtained
through the integration of the EQE and measured .J-V response, to the simulated values. The photoanode
placed in front of the OPV(ITO) solar cell is considered as the reference.

Sample name Experimental J,. Experimental J,. Simulated J,.
P change from EQE change from J-V change
OPV(TO) 100.0 100.0 100.0
OPV(Ag) 103.9 103.2 104.7
ML1+OPV(Ag) 107.3 106.6 109.5
ML2+OPV(Ag) 110.3 109.8 111.2
ML4+OPV(Ag) 116.5 114.8 115.1
MLS+OPV(Ag) 117.6 118.5 118.9

4.3 Assembling of the tandem devices

Tandem devices were mounted at the back of the PEC cell, where the photoanode
was in contact with the electrolyte solution and illuminated from the front side, while
the OPV solar cell was placed outside. For the photoelectrochemical measurements,
the BVO photoanode, the photovoltaic cell, and the cathode were connected in series,
as shown in Figure 4.8. Additional technical details about the PEC cell used and the
assembly of tandem devices can be found in Appendix B.

The J-V response of the device was evaluated by applying an external voltage to the
PEC cell, both in the case where the electrical circuit was closed by the OPV cell, as
shown in Figure 4.8, and when the OPV cell was electrically by-passed.
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Figure 4.8: Schematic illustration of the tandem device experimentally assembled, consisting of a BVO
photoanode, an OPV cell and a Pt mesh cathode connected in series by external cables.

4.3.1 Bias-free behavior for the water-splitting reaction

To properly measure the solar-to-hydrogen efficiency of the water splitting reaction
for a photoelectrochemical tandem device exposed to an AM1.5G illumination under
zero bias conditions, a 2-electrode configuration must be used and the electrolyte solu-
tion should not contain any hole scavengers.’® 183186 For this reason, tandem devices
comprising OPV(ITO) or ML8+OPV(Ag) solar cells together with BVO photoanodes
incorporating a FeOOH/NiOOH catalyst on their surfaces were tested as described in the
previous section, using a pH 9 solution of 1.0 M KBi, in a 2-electrode system where
the cathode used for the HER was a Pt mesh. To guarantee that the differences in per-
formance observed for the tandem devices are due to a better distribution of the light,
promoted by the multilayer structure, two BVO photoanodes with very similar J-V re-
sponse were chosen for the assembly of the tandems, as illustrated in Figure 4.9.

The J-V response of the tandem devices was studied for the case where the photoan-
ode, the OPV cell, and the Pt mesh were connected in series, as described in Figure 4.8,
and compared to the case where the OPV cell was not electrically connected and only
contributed to provide light reflectivity. The results obtained for both tandems are pre-
sented in Figure 4.10 a). As clearly observed, when the OPV were connected in series in
between the photoanode and the cathode, the J-V curves were down shifted by approxi-
mately the open circuit voltage of the solar cells relative to the ones where the OPV were
not connected. This shift was kept practically unaltered regardless of the photocurrent
generated, which indicates that the photovoltaic cells are not limiting the performance of
the tandem for any of the configurations studied. As depicted in Figure 4.6 and Table 4.2,
the high-performing parameters of the PM6:Y6 OPV cells used to assemble the tandem
devices guarantee that the potential J,. obtainable from both cells is several times higher
than the one provided by the photoanodes, while the V,,. and fill factor remain quite high
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Figure 4.9: J-V curves of the BVO photoanodes scanned in the forward and reverse direction before using
the BVO for the tandem assemblies with OPV(ITO) and with ML8+OPV(Ag) solar cells, illustrating how
similar the behavior of the photoanodes chosen is initially. The difference in photocurrent for a given poten-
tial was always lower than 0.1 mA/cm®.

with the addition of the ML structure, which explains why in both cases the .J-V” behavior
of the tandem is not affected by the performance of the OPV cell.

At 0V of applied voltage, a completely bias-free H, production is obtained, resulting
in a photocurrent density increase from 1.26 mA/cm? for the photoanode/OPV(ITO) to
1.57 mA/cm? for the photoanode/ML8+OPV(Ag) tandem, which represents a 25% in-
crease in Jpjas_free When an 8-layer ML is combined with an OPV incorporating a trans-
parent Ag electrode. These results are supported by the changes observed in the crossing
point between the individual J-V responses of the photoanode and the PV cell in a tan-
dem assembly, shown in Figure 4.10 b), which is related to the bias-free operating point.
As observed, an increase in current density at the crossing point is obtained when the
MLS8+0OPV(Ag) solar cell is considered, due to the reflective character of the ML+OPV
structure used, while the voltage only suffers a minimal shift towards lower values. This
confirms that a proper distribution of the light absorption among the two sides of the
tandem is key in the implementation of an efficient bias-free STH conversion.

Further confirmation of the relevance of a proper distribution of the light in terms
of the wavelength to match the absorption bands of the different elements of the tandem
is seen in the EQE spectra shown in Figure 4.10 c). According to the data, the EQE of
the photoanode is enhanced in a wavelength range spanning almost the entire absorption
band of the BVO, while the EQE of the OPV is correspondingly reduced in the UV side,
but is clearly less affected in the IR side of the absorption band, to ensure a sufficiently
high current in the photovoltaic cell to effectively perform the bias-free water splitting
reaction.
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Figure 4.10: a) J-V response of the photoanode/OPV(ITO) (in red) and of the photoanode/ML8+OPV (Ag)
(in blue) tandems when the OPV cell is connected to the electrical circuit (curves on the left) and when it is
electrically by-passed. b) J-V response of the OPV cells behind the BVO (thinner lines) and of the photoan-

odes placed in front of the OPV cells (thicker lines), for the cases where an OPV(ITO) and a ML8+OPV(Ag)
solar cells were used. The crossing points between the two curves, related to the operating current density,
are signaled by the colored bullet points. For both cases, the forward and reverse scans were plotted and the

average curve was used to determine the crossing point. ¢) EQE spectra of the BVO and OPV individually
measured when an external voltage was provided to simulate the bias-free conditions for the photoanode.

4.3.2 Hydrogen evolution

The hydrogen production for the two different tandem BVO-OPV devices was evalu-
ated as described in Appendix B, using a PEC cell with a double compartment, separated

by a transparent ion exchange membrane. From the amount of H; experimentally mea-
sured, faradaic efficiencies were determined as explained in Section 1.3.2.
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Figure 4.11: a) Experimentally measured H, production (closed circles), compared to the theoretical pro-
duction rate (dashed lines), for the photoanode/OPV(ITO) (red) and for the photoanode/ML8+OPV(Ag)
(blue) tandem devices and b) corresponding faradaic efficiencies.

The experimental measurements of the hydrogen evolution, shown in Figure 4.11 a),
confirm an increase in gas production of about 25% when the 8-layer ML structure is
used to improve light management, in strong agreement with the results from the previous
section. These results are also in accordance with the H, production estimated from the
bias-free current density measured during the gas evolution studies, assuming 100% FE,
and which is represented by the dashed lines.

The faradaic efficiencies determined for both tandems were very close to 100%, cor-
responding to STH efficiencies of 1.55% and 1.93% for the photoanode/OPV(ITO) and
the photoanode/SML/OPV(Ag), respectively. Note that, at the beginning of the reac-
tion, the error in the measurement of the FE is a bit large, as seen by the error bars in
Figure 4.11 b), provided the volume readings for the very small amounts of produced
hydrogen were not extremely precise.

4.3.3 Stability of the tandem devices

The stability of the different tandem devices was evaluated by carrying out long-term
operation studies, for 12 hours, at bias-free conditions, using a single-compartment PEC
cell, and considering the assembly illustrated in Figure 4.8.

The results are shown in Figure 4.12 a) and reveal that, in the first couple of hours,
the photocurrent decreased quite fast until reaching nearly 60% of the initial value,
after which it became stable for the remaining time of the study, with some oscillations
attributed to the formation and release of bubbles.
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Figure 4.12: a) Long-term operation studies, carried out for 12 hours at bias-free conditions, of the photoan-
0de/OPV(ITO) (in red) and of the photoanode/ML8+OPV(Ag) (in blue) tandem devices. b) J-V response
of the BVO photoanode measured before and after the 12-hour long-term operation, which illustrates the
small changes in performance that occurred during the stability studies. J-V behavior of the ¢) OPV(ITO)
and d) ML8+OPV(Ag) solar cells before and after the long-term operation studies (1), showing the decrease
in Vo suffered, as well as the J-V curves measured after storing in dark for one day (2), emphasizing the
partial recovery in V;,. observed.

An analysis of the BVO and OPV performances made right before and after these
stability measurements, shown in Figure 4.12 b), c), and d), revealed that the photoanode
is very stable and its response is largely unaffected after 12 hours of constant operation.
On the other hand, the OPV cells under continuous illumination suffer a visible reduc-
tion in V,. and FF, which are the main causes for the reduction in Jp;as_free Observed
in Figure 4.12 a). This happens irrespective of the OPV(ITO) or ML8+OPV(Ag) cell
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4. Optimization of BVO-OPYV tandem devices

configuration used. However, it is worth noting that part of this performance can be re-
covered after storing for one day in dark and dry conditions, as seen in Figure 4.12 c)
and d).

4.4 Conclusions

From Chapter 3 we concluded that, to enhance the photocurrent in PEC devices incor-
porating a BVO photoanode, one must introduce any kind of light handling mechanism
to increase the effective length for light absorption in the BVO. Although 3-dimensional
configurations may eventually lead to a large light absorption enhancement and an ef-
fective reduction of the BVO bandgap, the nano-structuration that may lead to it needs
further study. In contrast, optimal 1-dimensional nano-structures can be designed using
an inverse integration approach. In this chapter, we implemented such 1-dimensional
structures in tandem PEC cells combining high and low bandgap materials to achieve a
water-splitting reaction using sunlight as the energy source. As the high bandgap ele-
ment, a light dispersion-free BVO photoanode was implemented, while the low bandgap
element considered was a PM6:Y6-based organic solar cell.

To accurately balance the light absorption among the two elements of the tandem
according to their respective absorption profiles, the ITO electrode used in conventional
OPV solar cells was replaced by thin silver, which was combined with a TiO,/SiO; mul-
tilayer structure, placed in between the photoanode and the photovoltaic cell. An inverse
design approach using a genetic algorithm was implemented to determine the optimal
layer configuration for the ML structure, in order to maximize the bias-free current den-
sity flowing through the tandem device. To do so, a computational model that combines
the general transfer matrix method for the Jg. calculation with a single-diode approx-
imation to describe the J-V characteristics of both tandem elements, which takes into
account the experimentally observed relationships between the electrical parameters of
both the BVO photoanode and OPV cell, was considered.

From the theoretical predictions, an increase in bias-free performance of the tandem
devices was expected with the increasing number of dielectric layers in the ML. This
increase, experimentally observed, occurred mainly due to a very effective reflection of
the light with low wavelengths back into the BVO photoanode, therefore improving its
absorption and enhancing its photocurrent. In particular, by using an optimal 8-layer ML
structure, a 25% increase in bias-free current density and in solar-to-hydrogen conver-
sion efficiency were observed in comparison to the case employing a commercial ITO
electrode for the OPV solar cell.
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Chapter

Concluding remarks

The present thesis was dedicated to the modeling of light propagation and to the opti-
mization of light transformation and utilization in different systems aiming for maximal
energy efficiency. In particular, two different routes were explored to obtain optimal
configurations, which included minimizing the light losses of devices incorporating light
sources on them or maximizing the conversion efficiency of existent energy transforma-
tion systems. We demonstrated that the use of ergodic geometries and the search for
configurations providing maximal light absorption are key to design energy-efficient de-
vices.

In this regard, Chapter 2 focused on the design of a novel guiding structure for the
emission of diffuse and polarized light, with an efficient conversion of the unwanted po-
larization back to electricity by means of PV cells. Such guide was designed based on the
ergodic propagation of the light occurring inside a h-CPP, that was combined with a mul-
tilayer reflective polarizer, a highly reflective bottom element, and two PVK solar cells.
An inverse design approach was used to optimize the configurations of the MRP and of
the bottom reflector, to selectively transmit the desired p-polarization, while trapping and
guiding the s-polarization component towards the PVK cells. As we demonstrate, this
guide presents minimal energy losses and finds a potential application in LCD displays,
that traditionally use absorbing polarizers to cut half of the incident radiation.

Chapter 3 approached the challenge of optimizing energy efficiency by exploring
the limiting performance of BVO photoanodes for water-splitting applications. Through
high-sensitivity EQE characterization, the absorption and conversion of light in the vicin-
ity of the bandgap were probed with great precision, which allowed us to accurately com-
pute the effective refractive indexes of the BVO, especially in the bandgap and below the
bandgap spectral region. A simple model was developed to estimate the limiting current
density attainable by these photoanodes, yielding values as high as 12.39 mA/cm?. This
stands well above the 7.5 mA/cm? currently reported in the literature and demonstrates
the importance of accurate modeling the energy transformation systems to achieve lim-
iting performances. To reach this maximal photocurrent density for BVO photoanodes,
optimal trapping of the light inside the semiconductor layer is necessary. Initial studies
involving the incorporation of periodic arrays of 3-dimensional scatterers with simpler
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5. Concluding remarks

geometries helped on improving the EQE in the bandgap region but did not allowed for
such a strong trapping of the light. Therefore, an inverse design approach involving the
3-D wave propagation in structured photoanodes is required to find optimal configura-
tions, with non-trivial geometries, for maximized energy conversion.

Finally, Chapter 4 explored the use of the previously described BVO photoanodes for
optimized sunlight-powered water splitting in planar tandem PEC devices. Such tandem
devices incorporated OPV solar cells with complementary absorption to the one of the
BVO, and different multilayer structures to manage light distribution among the tandem
elements. By relying once again on an inverse design approach, the configuration of the
ML structures was optimized to guarantee a balanced light absorption, towards optimal
unassisted water splitting. Indeed, when using an optimized 8-layer ML structure, a 25%
enhancement in bias-free current density and in hydrogen production was achieved for
the tandem devices, approaching the highest performance attainable for planar configu-
rations.
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Appendix

Refractive indexes

The wavelength-dependent complex refractive index of a medium, n = n, + in;,
describes how the speed of light changes and how strongly the light is absorbed when
it passes through such a medium. It provides important information about the optical
bandgap and absorption coefficient and is necessary to fully describe the optical proper-
ties of the material.'®”-!8 Therefore, accurate determination of the refractive indexes is
crucial to model light propagation in optical devices.

Refractive indexes are usually obtained by measuring one or more optical properties
of the material, such as transmittance, reflectance, or spectroscopic ellipsometry. Ana-
lytic expressions for the wavelength-dependent refractive index are obtained by fitting the
experimental results using an appropriate dispersion relation, that describes the relation-
ship between the wavelength () or energy (F) of light and its velocity in the medium.
This last depends on the refractive index of the material (v = ¢/n), which is related to
the complex dielectric function, € = &, + iej, by!'#1%0

_ \/\/a2 +&i® + &
B 2

(A.1)

B \/\/5r2 +e% —er
B 2

Since the refractive and absorptive properties of a material must be causally related
to one another, the corresponding dielectric function should comply with the Kramers-
Kronig relations, given by!%% 191

2 [®EaE) .

2E .
i(E) = / E’Q—EZ &

This means that only one of the components of € needs to be determined to fully
describe the optical properties of a material, by applying the principle of causality.

(A.2)
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A. Refractive indexes

A.1 Dispersion relations

In this thesis, the refractive indexes of some semiconductor materials (FTO and BVO)
were determined as described previously in this Appendix. The models considered for
the dispersion relations of such kind of materials are presented next.

¢ Lorentz model

This model describes the dielectric function of a material in the presence of interband
transitions and resonances by treating the electrons as harmonic oscillators that are driven
by the electromagnetic field of the nuclei, such that!88-19

A EgyE
e(B) =Y O (A3)
(Eg, — E*)” + E*v;

%

where Ej, are the central energies, A; the amplitudes and ; the damping factors of the ¢
different harmonic oscillators.

The Lorentz model is widely used to determine the optical properties of dielectric
materials such as glass, quartz, and crystals.'”~'°* In many cases, however, it fails to
describe accurately the optical response in the vicinity of the bandgap. To overcome
such issues, more complete models combining the Lorentz oscillators with Tauc or Cody
band edge functions are often considered.

¢ Tauc-Lorentz model

This model is very commonly used to determine the dielectric function of amorphous
semiconductor materials. It assumes that the valence and conduction bands are parabolic

and the momentum matrix element is constant, so!61-163.195-198
A;Eoivi E E — E,)*
3y P00 ( - D forE> E,
&i(F) = - (Egi — E2)7 4 24,2 E ) (A4)
0 for B < E,

* Cody-Lorentz model

Similar to the Tauc-Lorentz model, the Cody-Lorentz model is also well suited to
describe the optical response of amorphous semiconductor materials. Particular exam-
ples include amorphous hydrogenated silicon (a-Si:H)'* and amorphous germanium
(a-Ge).?"" The dielectric function in this case is obtained by assuming a constant dipole
matrix element and is given by!6%163
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A;Eyvi E E—-E,)
(Z L0 ) E-L)  toE>E,
a(B) =\ 5 (B3 — B?)" + E2y2 ) (E - Ey)" + B, . (AS)
0 for E < E,

where E, represents a transition energy that separates the absorption onset behavior from
the Lorentz oscillator behavior.

¢ Urbach tail

Although the previous models work fairly well for a wide range of materials, they
neglect any absorption below the bandgap and therefore they sometimes fail to describe
the optical response in the region of the absorption edge. To account for such subgap
absorption, an exponential Urbach tail is typically combined with any of the previous
models. 01162164165 Tt i5 described as

E; (E—Et
= — exp

Ei(E) E ex

>, for0 < EF < E, (A.6)
where Fy is the Urbach energy, E} is the demarcation energy between the Urbach tail
and the band-to-band transitions, while E; is defined such that £;(E) is continuous at

E =E;.

A.2 Refractive indexes used for the optical simulations

The refractive indexes of the FTO and BVO were determined as part of this thesis
work. The optical constants of the BVO were calculated and shown in Chapter 3, while
the derivation of the FTO refractive indexes from the dispersion relations of Section A.1
is presented next.

* FTO

The refractive indexes of the FTO were calculated by fitting the transmittance and
reflectance spectra obtained for a glass/FTO substrate. This was done by combining the
transfer matrix formalism with a least mean squares algorithm to minimize the differ-
ences between the experimental and the simulated values. The best fitting was obtained
using a double Lorentz oscillator model, with oscillators centered at 267 nm and 1789 nm.
The refractive indexes obtained are presented in Figure A.1.

For the remaining materials considered for the optical simulations carried out in this
thesis, the refractive indexes used were obtained from previous works. Their real and

imaginary parts are presented next in this section.
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Figure A.1: Refractive indexes calculated for the FTO.

¢ Silver

Thick silver, deposited by thermal evaporation, was used in the fabrication of highly
reflective mirrors and for the electric contacts of the OPV cells, while thin silver, de-
posited by magnetron sputtering, was considered for the semi-transparent electrodes of
the solar cells employed in the BVO-OPV tandem.
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Figure A.2: Refractive indexes of the silver considered in this thesis: a) thick silver deposited by thermal
evaporation and b) thin silver deposited by magnetron sputtering.



A.2. Refractive indexes used for the optical simulations

¢ Dielectric materials

Dielectric materials were used throughout this thesis to properly manage the light
distribution for the different structures herein studied.
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Figure A.3: Refractive indexes of all dielectric materials considered in this thesis: a) real and b) imaginary

parts.

¢ Photovoltaic cells

OPYV cells with PM6:Y6 active layer and structure: ITO/ZnO-SG/PM6:Y6/MoO3/Ag
were considered for the assembly of the tandem BVO-OPV devices.

High bandgap perovskite solar cells with a structure ITO/SnO,/PVK/Spiro/Au, with
an active layer composition of Cs,FA.,)Pb(I,Cl(i_4))3 and a CsCl to Pbl; ratio of 0.17
were used to recycle the light with unwanted polarization trapped inside the guiding plate
proposed in Chapter 2 of this thesis.
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Figure A.4: Refractive indexes of the OPV cells. a) Structure of the OPV cell considered in this thesis.
b) - d) Real and imaginary parts of the refractive indexes of the different layers: b) ITO, ¢) ZnO-SG, and
d) PM6:Y6 organic blend. The refractive indexes of the MoO3 and evaporated Ag contact are shown in the
previous figures.
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Figure A.5: Refractive indexes of the PVK cells. a) Structure of the perovskite PV cell considered in this

thesis.

b) - e) Real and imaginary parts of the refractive indexes of the different layers: b) SnO,, ¢) PVK

with a CsyFA(1.)Pb(I1;:Cl(1.z))3 composition, d) spiro, and e) gold..
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Appendix

Photoelectrochemical measurements

The present chapter intends to provide an insight on the photoelectrochemical mea-
surements performed in this thesis to evaluate the water-splitting capability of the differ-
ent BVO photoanodes. After a first introduction on the PEC cell configurations required
for each kind of measurement, specific details on the experimental measurements will be
given.

B.1 2- and 3-electrode configurations

Depending on the PEC device under study and on the type of measurement per-
formed, different electrode configurations, illustrated in Figure B.1, must be chosen.

a) b)
]

Figure B.1: Comparison between a) 2-electrode and b) 3-electrode configurations for PEC cells. In the
images, WE stands for the working electrode, CE the counter electrode, and RE the reference electrode.

To appropriately calculate the STH conversion efficiency of a certain PEC system op-
erating at bias-free conditions, as is the case of the BVO-OPYV tandem devices explored in
Chapter 4, the measurements must be performed in a 2-electrode configuration, schemat-

87



B. Photoelectrochemical measurements

ically represented in Figure B.1 a), in which the photoelectrode (working electrode) is
simply connected to a counter electrode and a bias source.”® 13%-186 In this case, the full
PEC system is considered and the J-V curve obtained is influenced not only by the re-
sponse of the photoelectrode but also by the behavior of the counter electrode, which can
suffer significant polarization losses when current passes. For this reason, a 3-electrode
configuration, illustrated in Figure B.1 b), is typically considered in studies focusing on
the capacity of an individual photoelectrode to perform the corresponding half-reaction,
as in the case of the BVO photoanodes studied in Chapter 3. In this configuration, the
contribution of the counter electrode is eliminated by adding to the PEC cell a reference
electrode, which is at a fixed well-defined potential. A potentiostat is then used to sup-
ply to the counter electrode the current necessary to maintain the potential between the
working electrode and the reference electrode at a desired value. In this case, there is no
current flowing through the reference electrode, so the polarization losses are avoided and
the response measured corresponds solely to the photoelectrode under study.”® 7178, 186

In order to compare the results experimentally obtained for half-cell measurements in
a 3-electrode configuration with the ones reported by other authors, standard scales for the
potential are typically used. In this thesis, results are reported in relation to the reversible
hydrogen electrode (RHE) potential, which is independent of the pH. To convert the
values measured in a 3-electrode configuration, Ve, to the corresponding ones in the
RHE scale, Vryg, the Nernst equation should be applied as follows

VRHE = V;Xp 4+ VRe % 0.059 x pH, (B.1)

where VRg is a tabulated value, corresponding to the potential of the reference electrode
used relative to the standard hydrogen potential.

B.2 Experimental details on PEC measurements

The water-splitting performance of both BVO photoanodes and tandem BVO-OPV
devices was accessed in this thesis by means of J-V, EQE and hydrogen evolution mea-
surements, made on a PEC cell filled with electrolyte solution and illuminated from a
transparent quartz window placed on the cell side opposite to the BVO.

For the J-V measurements, an Abet Sun 2000 solar simulator, incorporating a 550 W
xenon lamp from Ushio, was used to simulate 1-sun solar light AM1.5G illumination,
and its intensity was calibrated with a silicon photodiode prior to each measurement.
Bias voltages were applied by a Biologic SP-300 potentiostat, and scanned at a rate of
50 mV/s. For the single BVO photoanodes studied in Chapter 3, the measurements were
performed in a 3-electrode configuration, with a platinum wire serving as the counter
electrode and an Ag/AgCl electrode in 1.0 M KCI acting as reference electrode. For the
BVO-OPV tandem devices studied in Chapter 4, 2-electrode measurements were per-
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formed, using a platinum mesh that served as the counter electrode.

EQE measurements were carried out in a setup equipped with an Oriel 260 Corner-
stone monochromator, from Newport Instruments, illuminated with a 300 W xenon lamp.
The monochromatic power intensity was recorded with a calibrated S120VC silicon pho-
todiode, from Thorlabs. A Biologic SP-300 potentiostat was used to apply a fixed voltage
of 1.23 VRug, in a 3-electrode configuration, and to record the photocurrent density for
each individual wavelength. To improve the sensitivity of the measurements, the aper-
ture of the monochromator slits was adjusted such that the irradiance of the light on the
BVO surface was maximized, and the acquisition times were increased to 5 seconds per
wavelength point. In addition, these measurements were performed inside a black box to
avoid possible side effects caused by the presence of ambient light.

Hydrogen evolution measurements were performed for the tandem BVO-OPV de-
vices in a completely sealed PEC cell with double compartment, separated by a trans-
parent Nafion 117 ion-exchange membrane to ensure that all the H, produced would
remain in the corresponding compartment. A hydrogen microsensor from Unisense was
used to constantly monitor the concentration of H, over time, generated by the tandem
devices at bias-free conditions inside a burette which was inserted into one of the PEC
cell apertures. Prior to each measurement, the microsensor was calibrated using known
concentrations of hydrogen in air. Volume readings were taken every 30 minutes, from
which the amount of H; and faradaic efficiency were determined.

B.3 PEC cell used

In this thesis, we used custom-made photoelectrochemical cells, designed at ICFO,
that could have either one or two separate 7 mL volume cylindrical compartments, with
several inlets that allow the introduction of a counter electrode, reference electrode, and
hydrogen sensor, as illustrated in Figure B.2 a).

For the J-V and EQE measurements, a single-compartment configuration, shown in
Figure B.2 b), was used. On the other hand, a double-compartment PEC cell as the one in
Figure B.2 c) was considered for the hydrogen evolution measurements and consequently
for the calculation of the STH conversion efficiency.
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Figure B.2: a) Front view of one of the electrolyte compartments, showing the available inlets and the
introduction of the counter electrode, CE, and reference electrode, RE. Side view of the b) single compart-
ment PEC used for the J-V and EQE measurements and of the ¢) double compartment PEC (separated by a
Nafion membrane) considered to study the H, gas evolution.

B.4 Assembly of the BYO-OPYV tandem devices

The tandem devices were assembled as shown in Figure B.3, by placing the OPV cells
on the back side of the BVO photoanodes, using a UV curable index-matching resin to fix
the two glasses together. The active area of the devices was limited by the photovoltaic
cell to 0.06 cm?, which was obtained by the use of a black vinyl sticker to partially cover
the surface of the BVO. Electric connections were created using Ag conductive tape
connected with silver paste to the evaporated Ag contacts of the OPV cell and the FTO
layer of the BVO photoanode. An external wire was used to electrically connect the BVO
photoanode to the cathode of the OPV cell, while the anode of the photovoltaic cell was
used as the working electrode for the tandem configuration. The installation of a tandem
device into the custom-made PEC cell is illustrated in Figure B.4.



B.4. Assembly of the BVO-OPV tandem devices

OPV cell

Tandem assembly
Front

Tandem assembly
Back

\

BVO illuminated Photginode

area: 0.06cm?

m——
OPV cathode

OPV cell area

Black sticker .
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Figure B.3: Assembly of the BVO-OPV tandem devices.

Figure B.4: Steps performed to install the tandem devices in the single-compartment custom-made PEC
cell used for J-V and EQE measurements. In the 2-electrode measurements of BVO-OPV tandem devices,
the Pt wire counter electrode (top right side in step 2) was replaced by a Pt mesh, and the Ag/AgCl reference
electrode (top left side in step 2) was not introduced.
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Appendix

Diode model to describe J-V curves
of the OPV and BVO

Typically, the current-voltage characteristics of PV67-181 and PEC>+75.77, 180,201,202

cells can be described using an equivalent circuit like the one depicted in Figure C.1,
which integrates a photocurrent source, a diode, and two parasitic resistances. While
the photocurrent source represents the free charges generated after the light absorption,
the diode accounts for the electron-hole recombination happening at the semiconductor
material. A series resistance Ry describes the internal resistance across the cell, including
the contacts, and a shunt resistance Rg;, models the power losses due to the presence of
defects in the materials. The current flowing through a PV or PEC cell upon illumination,
based on such an equivalent circuit, can be described as

(C.1)

IR, IR,
I:IL_IoeXp[q(V—i- R)}_V—i— R

nigkT Ry,

where the first term on the right-hand side represents the light-generated current, the
second corresponds to the current lost by recombination and the last term describes the
current losses due to the shunt resistance. In this expression, Iy is the dark saturation
current, g the electron charge, kp is the Boltzmann constant, 7" the temperature in Kelvin,
and nyq is the ideality factor of the diode.

The J-V behavior of the BVO photoanodes and OPV cells considered in this thesis
can therefore be simulated by the single-diode model described by equation (C.1), where
the light-generated current /7, was obtained at open circuit condition as

(C.2)

V. V.
IL :IO eXp|: q ocC :| + ocC

nigksT Ry’
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C. Diode model to describe J-V curves of the OPV and BVO
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Figure C.1: Equivalent circuit typically used to model the J-V" response of a PV or PEC cell.

while the dark saturation current I, was determined at short circuit condition, such that

Voe Ry
I (1
Rsh * < * Rsh>

ex quc —ex qucRs ‘
P nidk:BT P nidk:BT

As can be easily seen, after performing these substitutions, the J-V relations of
equation (C.1) will only depend on the ideality factor n;q and on the electrical param-
eters of the photoanode and photovoltaic cell, such as short circuit current, open circuit
voltage, and series and shunt resistances.

The short circuit current for the OPV cell (or the current at 1.23 Vryg for the case
of the BVO photoanode) can be determined using the general transfer matrix method
described in Section 1.5.1 of this thesis, which considers coherent light propagation in
the multilayer thin film stacks (photoanode and OPV cell), as well as the incoherency
introduced by the millimeter-thick glasses. On the other hand, the V., Rs and R can be
related to the I (or Jg.) with fairly good accuracy by experimentally measuring the J-V
curves obtained under different illumination intensities and by analyzing the relationships
observed between the electrical parameters.

For the case of the PM6:Y6 photovoltaic cell, presented in Figure C.2, the V. in-
creased logarithmically with the Jg., while g and Ry, decreased exponentially. As for
the BVO photoanode, illustrated in Figure C.3, the V,,. remained practically constant for
the reaction in 1.0 M KBi at pH 9, with Rg and Ry, decreasing exponentially with the
short circuit current density. The specific relationships found between all the parameters
are written inside the different plots.

o= (C.3)
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Figure C.2: Relationship between the electrical parameters of the PM6:Y6 photovoltaic cells experimentally
measured under different illumination intensities: a) Vo Vs Jsc, b) Rs vs Jsc and ¢) Rsh vs Jsc.
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Figure C.3: Relationship between the electrical parameters of the BVO photoanode experimentally mea-
sured under different illumination intensities: a) Voe VS Jsc, b) Rs vs Jsc and ¢) Rgn vs Jse. In this
case, a 2-electrode configuration was considered for the water-splitting reaction in 1.0 M KBi at pH 9.
A FeOOH/NiOOH catalyst was electrodeposited on the surface of the BVO to facilitate the oxygen evolu-
tion reaction.



C. Diode model to describe J-V curves of the OPV and BVO

To get the most suitable ideality factors, the J-V curves of each element were fitted to
the experimental results obtained under different illumination intensities, considering the
relationships between the electrical parameters shown in Figure C.2 and Figure C.3. The
best-fitting ideality factors were 2.0 for the photoanode and 1.75 for the photovoltaic cell,
and the comparison between the different simulated and experimental curves is illustrated
in Figure C.4, where a very good agreement can be seen for the whole range of values
considered, which proves the viability of this method to describe with accuracy the be-
havior of both elements of the tandem.

4 0.6 0.8 04 0.6 0.8 1.0 1.2 1.4

0.0 0.2 Of
V (V) V (V)

Figure C.4: Comparison between the simulated (dashed lines) and experimental (solid lines) J-V curves
of the a) OPV cell and b) BVO photoanode, for different values of short circuit current density (obtained by
measuring under different illumination intensities), illustrating the good agreement between the single-diode
model used to simulate the curves and the experimental J-V" response obtained. For all experimental curves,
the average between the forward and the reverse scans was considered.

From these fittings, it is possible to estimate the bias-free current density of a tan-

dem device incorporating a BVO photoanode and an OPV cell, by calculating the J-V
coordinates of the intersection point between the two curves.
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