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ABSTRACT

Organic photovoltaic technology is a very promising area of research - potentially able to balance
the current energy demand the world requires every day. Organic materials inherit fascinating
properties like tailorable optical properties, adjustable optical bandgap and electrical conductivity, and
easy and cheap processing among others. These materials also present short exciton diffusion lengths,
low charge mobilities and weak absorption, negatively impacting the short-circuit current (Jsc) and
open-circuit voltage (Voc) of organic solar cells and their performance. Light-matter coupling is an
exponentially growing field of research, which focuses on the coupling of photonic modes and
excitonic states of matter. This interaction results in the formation of hybrid states of matter - polaritons
- with interesting new properties. The pioneer work of incorporating this concept in optoelectronic
devices has allowed for improved photoconductivity, long-range energy transfer, reduced optical
losses, higher harvesting rates and enhanced power conversion efficiencies. The work of this thesis
focuses on the simulation, fabrication, and characterization of organic solar cells with a nanostructured
layer to optimize its short-circuit current, as well as simpler systems of metallic lattices to study strong
coupling between collective plasmonic resonances and organic excitons in standard donor-acceptor
blends. Full solar cells devices containing square gold lattices were achieved. The open-circuit voltage
and fill factor (FF) retrieved through J-V curves remained roughly unchanged whereas the short-circuit
is slightly reduced. Although the investigated solar cells do not show evidence of strong coupling as
they were not optimized, these measurements illustrate that it is possible to structure the electrode of
the cell with a structure supporting optical modes without degrading the Voc. External quantum
efficiency analysis provided an insight on how the gold lattices influence the quantum efficiency
spectrum of the the solar cells, allowing the absorption edge to be shifted towards lower energies in

Some cases.

Keywords: Organic photovoltaics, Strong light-matter coupling, Surface lattice resonances
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RESUMO

A tecnologia de fotovoltaicos organicos é um campo de pesquisa bastante promissor -
potencialmente capaz de equilibrar a atual procura energética a nivel mundial. Os materiais organicos
possuem propriedades fascinantes tais como a adaptabilidade de propriedades 6ticas, ajustabilidade do
hiato Gtico e condutividade elétrica, apresentando um custo reduzido e facilidade de fabrico, entre
outros. Por outro lado, estes materiais também possuem cumprimentos de difusdo de excitdes bastante
curtos, mobilidades de carga baixas e baixa absor¢do, o que influencia negativamente a corrente de
curto-circuito (Jsc) e a tensdo de circuito aberto (Voc) de uma célula solar orgénica e,
consequentemente, o seu desempenho. A éarea da fisica que estuda o coupling entre luz e matéria
encontra-se num crescimento exponencial, focando-se principalmente no acoplamento de modos
fotonicos e excitdes. Esta interacdo resulta na formagéo de estados hibridos de matéria - polaritdes -
gue possuem novas propriedades interessantes. O trabalho pioneiro de incorporar este conceito em
dispositivos optoeletronicos com matrizes nano estruturadas permitiu uma melhoria da
fotocondutividade, uma transferéncia de energia a longo alcance, reducdo de perdas Opticas, recolhas
de cargas mais altas e eficiéncias de conversdo de energia superiores nestes dispositivos. Este trabalho
foca-se em simular, fabricar e caracterizar células solares organicas com um electrodo nano estruturado,
bem como sistemas mais simples de matrizes metalicas cujo objetivo é estudar o strong coupling entre
ressonancias coletivas e excitdes organicos que resultam de misturas orgénicas de camadas doadoras e
aceitadoras standard na industria. Neste trabalho foram realizados dispositivos de células solares
contendo matrizes de ouro de forma a maximizar a Jsc destas, bem como sistemas mais simples de
matrizes metélicas para estudar strong coupling entre estas e modos excitonicos. A tenséo de circuito
aberto e o fator de forma (FF), extraidos através das curvas J-V, permaneceram praticamente
inalterados, enquanto que a corrente de curto-circuito sofreu uma ligeira reducdo. Apesar das células
solares investigadas ndo apresentarem quaisquer evidéncia de strong coupling dado que estas ndo se
encontram totalmente otimizadas, estas medicdes provam que € possivel modificar um elétrodo, de
forma a que este suporte modos 6ticos, sem que haja uma degradacdo da tensdo de circuito aberto.A
analise da eficiéncia quantica externa forneceu uma visao sobre como as matrizes de ouro influenciam
fortemente a forma da eficiéncia quantica, permitindo que a fronteira de absorcdo se desloca-se para
energias mais baixas em alguns casos.

Palavras-chave: Fotovoltaicos organicos, Strong light-matter coupling, Surface lattice resonances
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NORMALIZED SPECTRA OF THE SLRS PLUS PDPPT5T:IEICO-4F SYSTEM (IN BLUE), WITH RESPECT TO THE
ORGANIC BLEND. (D) SEM IMAGES OF GOLD NANO DISK LATTICES WITH 120 NM IN DIAMETER AND 240 NM IN

FIGURE 4.9 - SPECTROMETRY EXTINCTION RESULTS OF (A) UNCOUPLED STATES OF SLRS EMERGING FROM GOLD
NANO DISK LATTICES WITH A DIAMETER OF 130 NM AND A PITCH OF 335 NM (IN RED) MEASURED IN 300 NM
THICK MEDIUM WITH N=1.6 AND PDPPT5T:IEICO-4F ORGANIC BLEND (IN BLACK), (B) SLRs pLUS
PDPPTS5T:IEICO-4F SYSTEM (IN RED) AND ORGANIC BLEND (IN BLACK), (C) THE EXTINCTION RATIO OF THE
NORMALIZED SPECTRA OF THE SLRS PLUS PDPPT5T:IEICO4-F SYSTEM (IN BLUE), WITH RESPECT TO THE
ORGANIC BLEND. (D) SEM IMAGES OF GOLD NANO DISK LATTICES WITH 130 NM IN DIAMETER AND 335 NM IN
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1.
MOTIVATION AND OBJECTIVES

The growth of the human population leads to an increased pressure on the world’s energy resources,
putting at risk the planet’s sustainability. Solar energy is a renewable source, widely available, and that can
potentially fill the gap between the constant demand and supply for energy consumption through photovoltaic
(PV) devices - converting sunlight energy into electricity [1][2]. Among all types of PV technologies, the one
based in organic materials, i.e. organic photovoltaics (OPV) is unguestionably attractive due to the vast
advantages inherited from organic material properties - tunable optical properties, mechanical flexibility,
adjustable optical band-gap and electrical conductivity, low environmental impact and low cost [1], [3]-[8].

However, organic materials also share a few undesirable properties which strongly impact the
performance of OPV. Short exciton diffusion lengths, weak absorption and low charge mobilities are among
the main organic material properties which negatively affects the short-circuit current (Isc) and the open-circuit
voltage (Voc), lowering the power conversion efficiency (PCE) of an OPV cell [6], [7], [9][10].

Light-matter coupling is a rapidly growing field of research, which describes the coupling between
photonic modes and excitons in matter. Strong coupling in solid-state cavities leads to the emergence of new
hybrid states of matter, known as polaritons, when the energy exchange rate between the photonic mode and
the excitons surpasses the loss rates of the system [11]-[13]. These polaritons possess interesting new
properties inherited from light. Thus, the incorporation of this new concept on optoelectronic devices - so
called polaritonic devices - has resulted in improved photoconductivity, long-range energy propagation,
reduced optical losses, higher energy transfer rates, higher exciton harvest rates and higher power conversion
efficiencies [9], [11], [14].

Therefore, solid-state cavities with interesting geometries - such as the open distributed feedback
cavity - supporting strong light-matter coupling have been studied. In this cavity, the active layer is close to a
nanostructured grating electrode, capable of supporting collective plasmonic resonances, such as the ones
stemming from nanodisk arrays [15]-[17].

The coupling of the localized surface resonances of the individual particles, enhanced by in-plane light
diffraction (Rayleigh anomalies), results in surface lattice resonances (SLRs) with low radiative losses, narrow
line widths and high-quality factors. SLRs enable high field enhancements over large volumes combined with
longer lifetimes. In addition, these structures present a tailorable nature - the surface lattice resonance energy
can be tuned by adjusting the diameter, height and spacing of the nanoparticles in the lattice [12], [15], [18],
[19]. These novel structures are undeniably interesting to incorporate in organic photovoltaic devices, aiming
to improve them. The goal of this work is to simulate, fabricate and characterize organic solar cells with a
nanostructured electrode to maximize its short-circuit current as well as simpler systems of metallic lattices to
study strong light-matter coupling between collective resonances and organic excitons in standard donor-
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acceptor systems. For that end, numerical simulations to define the most promising geometry for nanodisk
arrays and organic solar cells are performed. Electron-beam lithography will be used to fabricate nanoparticle
array samples and to define the final array structures onto the organic solar cells - followed by the respective
optical, morphological, and electrical characterization of the devices.
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2.
INTRODUCTION

2.1. Organic photovoltaic technology

The human population has experienced exponential growth in the past century. Nowadays, different
types of energies are explored to sustain the energetic needs of approximately eight billion people. Among all
sources of energy, solar energy holds great potential to fill the large gap between the daily energy demand and
supply. Sunlight is a renewable source of energy that is widely available around the planet, allowing it to be
harvested by photovoltaic (PV) devices that can convert light into electricity. [1][2]

The photovoltaic devices can be roughly divided into two types: inorganic photovoltaics and organic
photovoltaics (OPV) [1]. Inorganic PV is a relatively mature technology with considerable performance.
However, this silicon-based technology is very energy-intensive as a result of its fabrication procedure. The
industry market requires a new non-energy-intensive material, which can match the silicon-technology
efficiency [3][4]. Organic materials are unquestionably attractive because they ensure tunable optical
properties, mechanical flexibility, potential low-cost materials, low environmental impact, adjustable band-
gap, and electrical conductivity. [1], [3]-[8]

The core of an organic photovoltaic device is the organic materials donor and acceptor layers. These
layers are composed of m-bonded organic materials such as polymers, dendrimers, oligomers, etc., normally
composed of carbon and hydrogen atoms. [5], [20]

The working mechanism of the organic solar cells is as follows: when an incident photon excites an
electron of the organic donor layer, an electron-hole pair is created, known as an exciton. The exciton charges
are bound by Coulomb attractions and must be dissociated to generate current in the device. This exciton must
reach the interface between the donor and acceptor materials to be dissociated before it recombines to its
original energy state [1], [3], [4]- A bulk heterojunction structure is commonly used in OPV devices. In this
cell structure, the donor and acceptor materials are mixed, forming an organic blend so, the superficial area of
the donor and acceptor material is increased, compared to traditional biplanar structures. In this case, more
excitons will be able to reach the interface between the acceptor and donor materials, which is relatively large
compared with the bilayer structure, and dissociate.[2].

The power conversion efficiency of a solar cell is linearly dependent on the short-circuit current (Isc),
filling factor (FF), and open-circuit voltage (Voc), which can be attained through Equation (1) and (2),
respectively [10][21],

V) = Ige — Iy [exp ("Vy;’TRS) - 1] - W;S;:S) (1)
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V0C=Vq£n(’f—0C+1). )
Where ¢ is the elemental charge, T is temperature, k is Boltzmann’s constant, y is the diode-quality
factor, Rs is the series resistance and Rq, is the shunt resistance.
To compare photovoltaic devices with different active areas, the current must be normalized to the area-
current density (J). Some of the most important parameters are pinpointed in the J-V curve figure below -
Figure 2.1.
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Figure 2.1 - Representation of a J-V curve (in red), with the respective maximum voltage (Vmax), maximum current density
(Jmax), open-circuit voltage (Voc), short-circuit current density (Jsc) and maximum power (Pmax) parameters identified and
fill factor (FF).

Short-circuit current (Jsc) is defined as the measured current at zero bias voltage, while the open-circuit
voltage (Voc) is the voltage measured when the current is zero. The maximum power is achieved for the
highest value of the product between J and V. At this point, J and V are defined as /4, and V4. Another
important parameter for these devices is the fill factor, calculated by the ratio between /., 55 * Vinax and Jsc - Vo,
as seen in Figure 2.1. Lastly, the device’s efficiency is written as

VocFF
7= Isc Poc 3)
IN

Where 7 is the efficiency and P,y is the incident light power on the cell, which in AM1.5 standard
condition test spectrum is 100 mW /cm?.

Another important photovoltaic characterization is the external quantum efficiency (EQE) which is
defined as the ratio between the number of collected charges by the solar cell and the number of incident
photons for a specific energy [22].

For organic materials, the average exciton diffusion length is approximately 10-20 nm. These short
diffusion lengths, combined with low charge mobilities and weak absorptions, negatively affect the /. and V.
of an organic solar cell, limiting the photo-electrical efficiency of this technology [9].

Over the years, the scientific community has focused on improving OPV technology, attaining over
16% PCE in these devices, however, the diffusion lengths, charge mobilities, and absorption rates in organic
photovoltaics stands as the ultimate bottleneck [6], [7].

Strong light-matter coupling in organic materials is an exponentially growing research field that has
allowed the emergence of interesting material properties such as long-range energy transfer [23][24], enhanced
exciton transport, polariton lasing, among others, due to the presence of hybrid light-matter states called
exciton-polaritons. These states are compelling to exploit in optoelectronic devices operating under strong
coupling - polaritonic devices - and more specifically in organic photovoltaics [17], [25], [26].
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2.2. Strong light-matter coupling

Polaritons are quasiparticles that arise from a strong coupled light and matter interaction [11], [27]-
[29]. The strong coupling regime is achieved when the exchange of energy between the photonic mode and
the excitons surpasses the loss rates of the system, leading to exciton-polaritons states [11]-[13]. The energy
exchange (in a strong coupling system) through time will result in a splitting of the resonant energy in
frequency - Rabi splitting - and lower polariton and upper polariton bands are established, Figure 2.2. The
splitting can be observed in a dispersion diagram as an avoided crossing (anticrossing), where the uncoupled
system modes intersect [30].

r

Energy
Upper Polariton
~ A
Optical cavity Exciton Absorption
mode Rabi .. Transition
’ Splitting ’

¥

Lower Polariton

Figure 2.2 - Strong light-matter coupling diagram of two uncoupled states, represented in blue and yellow,
of an optical cavity mode and an exciton mode, respectively. The exchange of energy between these two
modes through time will lead to a splitting of the resonant energy splitting in frequency, Rabi Splitting,
establishing the upper and lower polariton bands.

Light can propagate fast due to its low effective mass, this characteristic can be exploited through
strong coupling, where the excitons can benefit from this property. In other words, it is possible to enhance
material properties through strong coupling, allowing long-range and faster charge transfer [31].

Organic materials are an excellent candidate for polaritonic devices since they present a large dipole
transition moment, sufficiently narrow linewidths, and they can support strong light-matter coupling at room
temperature [31]. Thus, OPVs can benefit from strong light-matter coupling to reduce the limitations of these
devices: low power conversion efficiency resulting from the short exciton diffusion lengths and charge
recombination losses, photodegradation, and poor charge transfer along with the donor and acceptor layers’
interface [16].

The formation of the new polariton peaks allows to extend the boundaries of the OPVs. These states
allow to enhance the absorption range of the organic devices and tune its optical gap while unaffecting the
open-circuit voltage (Voc) - as reported by Nikolis et al. [9] - inducing a reduction in optical losses (given by
Eopt - gqVoc). For some devices, strong coupling allowed to steepen the absorption edge. Combining the latter
with low electron transfer driving force, Nikolis et al. demonstrated that the energy losses in this organic device
is comparable with other PV technologies records.

Light-matter coupling has demonstrated exciton transport enhancements due to the delocalized nature
of the polariton, inherited from light. In Ref.[11], Wang et al.have reported an effective increase of exciton
harvest rate by one magnitude order, by strongly coupling an organic planar heterojunction to an optical cavity
mode. Wang et al. based their system on nature’s photosynthesis to efficiently channel charge states to the
donor/acceptor interface, improving energy transfer by two- to threefold. Despite the separated charge
extraction is not optimized in their system, Wang et al. state that this concept can be applied in organic systems
under strong coupling to improve the photon-to-current efficiency.
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Real-time long-range transport in organic materials under strong coupling is made possible by ultrafast
time-resolved microscopy, as observed by Rozenman G. et al. in Ref. [14]. The results show the propagation
velocity of polaritons is 0.2-0.4 microns/psec. Their studies not only show the path to explore polariton
dynamics in strongly coupled organic systems, but also demonstrate that strong coupling enhanced the exciton
transport, typically in the nanometer scope, to the micrometer scale.

Engineering solid-state cavities and tuning them to achieve strong light-matter coupling is one way of
improving solar cell devices. Nevertheless, by studying different organic blend and their ratio can also improve
photovoltaic performance as the study by Yao et al. suggests, where the crucial impact of donor/acceptor ratio
in PM6:Y6 organic blend system was investigated - an exciting 10% PCE was achieved for blends with 10%
donor ratio, derived from efficient charge separation, transport, and slow recombination [32].

Most of the earlier work regarding strong coupling has been based on Fabry Perot solid-state cavities.
In these cavities, an active layer is confined in-between two mirrors [9], [33]. The closed geometry of these
cavities limits their application for organic photovoltaics, where the active layer must absorb the highest
percentage of incident light.

Distributed feedback cavities have gained attention in recent years as a promising structure for organic
photovoltaic technology. In these structures, the active layer is located near a nanostructured grating layer,
capable of confining light. These open cavities are quite interesting to be incorporated in OPV technology
considering they are capable of supporting strong light-matter coupling. In addition, they also allow a better
in- and out-coupling of light and an improved coupling stemming from the mode volume of the grating
structures.

2.3. Surface Lattice Resonances

Optical resonances in nanostructures have opened new paths to manipulate the light. These resonances
allow for local field enhancements and increase light-matter interaction, which can be exploited in light
harvesting devices.

When light shines upon metal nanoparticles, these exhibit coherent oscillations of their free electrons,
i.e., localized surface plasmon (LSP) resonances, which allow local field enhancements in nanometric
volumes. However, a enhancement over larger volumens is required for many applications such as surface
enhanced spectroscopies, solid-state lighting, lasing, or sensing [15][34]-[37].

Collective resonances of individual nanoparticles in a periodic lattice have received attention in recent
years due to their low radiative losses, narrow line widths and higher quality factors [15]. The radiative
coupling of the localized resonance induces collective lattice resonances. The latter can be further enhanced
by in-plane light diffraction orders - Rayleigh anomalies (RAS) - resulting surface lattice resonances (SLRs)
[38].

SLRs combine both plasmonic and photonic properties - high field enhancements over large volumes
mostly due to RAs (arising from plasmonic nanostructures) combined with longer lifetimes (which result from
the photonic array structure), having exciting applications perspectives such as in sensing, optical filtering,
and fluorescence enhancement [19]. In addition, SLRs present a tailorable nature over the wide band of
wavelengths [39], [40] - by adjusting the diameter, height and spacing of the individual particles, [19][18][41].

For arrays of metallic nanoparticles, SLRs have a dispersive behavior since the surrounding refractive
index and the periodicity of the array ultimately determines the diffraction of the scattered waves [42]. Thus,
a dispersion diagram, i.e. energy as a function of wave vector, can be plotted if the sample is illuminated with
a collimated white light beam with a transverse magnetic (TM) or transverse electric (TE) polarization.[12]
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As already mentioned, most of the work on strong light-matter coupling is based on Fabry-Perot
microcavities. However, these cavities are not useful for organic photovoltaics applications as the short circuit
current is low by the limited light absorption. On the other hand, Bai P. et al. investigated the coupling between
semiconductor polymer (P3HT) excitons and the optical modes in an open aluminum square-array resonant
cavity. Through finite-difference time-domain simulations combined with a particle swarm optimization
algorithm, they determined the optimal lattice parameters to achieve strong light-matter coupling, presenting
a maximum Rabi splitting of 0.8 eV and illustrating an effective approach for optimizing open cavities based
on lattice structures with applications in OPVs [16].

Extensive interest has been placed in investigating metallic collective lattice resonances, whereas
dielectric systems remain quite unexplored. Castellanos G. et al. has conducted a numerical investigation on
lattice resonances where part of their work focuses on a silicon hexagonal lattice system embebbed within a
symmetric dielectric medium, maximizing the radiative in-plane coupling between the nanoparticles. Their
work provides an in-depth description on the field distribution and intensity enhancement, which are most
valuable for applications, such as photovoltaics [15].

Hittenhofer et al. have demonstrated the possibility of enhancing the photon-to-electron conversion
efficiency on semiconductors by introducing nanoimprinted amorphous gallium phosphide nanodisks in a
square lattices on indium tin oxide (ITO). Nanoimprinted nanodisks lead to enhance the photocurrent by more
than five times comparing to a planar film. This was achieved by combining lattice resonances with anapole
excitations, which consist of excitations that suppress backscattering and that are capable of confining light,
thus leading to high EM field strengths within the material. The method employed is not material dependent,
allowing also for industrial scalability and high throughput of nanopatterned surfaces production [43].

Long-range energy transfer is crucial in organic polaritonic devices, where diffusion lengths are short
by the organic material nature. Yadav et al. studies provide insight on long-range energy transfer in a
nanostructured layer. A silver nano disk lattice was introduced in a semiconductor medium composed of
guantum dots. Photoluminescence measurements not only proved the existence of polariton states but also
allowed to measure the extention of their propagation. Their work demonstrated an exciting experimental
energy propagation of 600 um and an insight on how this length is affected by the coupling strength of the
system [44].

One interesting way of controlling the coupling strength in plasmonic cavities has been shown by
Berghuis A. et al. In their work, a silver nanoparticle array SLR is coupled to tetracene single crystals excitons.
By solely changing the crystal orientation (and therefore, the exciton transition dipole moment), with respect
to the cavity field, enabled to change the Rabi splitting energy from 39 to 142 meV. They also observed a shift
in the lower polariton energy depending on the crystal orientation - achieving 2.28 eV and 2.33 eV for parallel
and perpendicular orientations, respectively[17].
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3.
METHODS AND MATERIALS

3.1. Finite-difference time-domain simulations

Finite-difference time-domain (FDTD) simulations were implemented to optimize the light-matter
coupling strength between metallic lattices resonances and the excitons in PDPPT5T:IEICO-4F organic blend.

Two different structures were designed to study the SLRs induced by the Au NP arrays and the polariton
bands that arise from the coupling of organic excitons with the SLRs.

A nanoparticle, composed of a 50 nm gold layer on top of a 2 nm Ti layer, was placed above a glass layer
with a refractive index of 1.47. To determine the resonances of the particle, it was embebbed in a 150 nm thick
medium with n=1.96 and air on top. In other simulations, the particle was surrounded by a 150 nm thick layer
of PDPPTS5T:IEICO-4F organic blend to simulated the response of a single nanoparticle.

A 3D refined mesh of 2 x 2 x 1 nm, in X, Y and Z respectively, was also added to the region of interest
for the FDTD simulation. The power absorbed and the extinction for these structures were calculated.

Additional numerical simulations were implemented to optimize the short-circuit current in full solar cell
devices containing metallic lattices, by varying the lattice diameter and period, and the organic blend thickness.

A particle swarm optimization (PSO) methodology was adopted to optimize the organic blend height and
the lattice diameter and pitch, to achieve the maximum /. in the full device simulations. Thus, the fitness
parameter for the PSO was the short-circuit current of the device. PSO algorithms are designed to optimize
numerical problems by searching the best solution in a defined random population of candidate solutions -
“particles”. These can move or evolve through the seach space by changing their velocity and/or position. The
movement of each candidate “particle” is determined by its local best position and the best known position of
different “particles”. Ultimately, the following generations will converge to the global best solution. [45]

The PSO was set for 30 populations through 50 generations, where the organic blend thickness was
restricted to the range from 30 to 100 nm, the lattice diameter to the range from 60 to 200 nm and the particles
pitch to the range from 300 to 600 nm.

3.2. Gold nano disks arrays fabrication

Firstly, two beakers containing acetone and isopropyl alcohol (IPA) were prepared to place the samples
in ultrasonic baths for 15 minutes each, in that same order. Lastly, the samples were dried with N, gas.

Afterwards, an A4 950K PMMA volume of roughly 470 pL was spin-coated on the glass sample at 3500
RPM for 1 minute. Followed by two annealing phases of 135 °C for 4 minutes and 180 °C for 3 minutes,
respectively.

A 350 uL volume of a Protective Coating AR-PC 5090.02 (Electra 92) was subsequently spin-coated at
4000 RPM for 30 seconds and annealed at 150 °C for 2 minutes.

35



A RAITH EBPG5150 100 kV e-BEAM Lithography System (EBL) was used to expose the desired
structural designs on the PMMA layer.The EBL parameters and array dimensions of the designed samples can
be found in Annex A.

Following exposure, the samples were developed. They were initially placed onto a beaker containing
ultra-pure water (UPW) for 60 seconds to remove the conductive polymer. Afterwards, the samples were dried
with N2 gas and transferred inside a second beaker containing a MIBK:IPA solution, 1:3 ratio, for 90 seconds.
Then, the samples were placed inside a third beaker containing only IPA for 90 seconds. A slight agitation was
rendered using a tweezer when the samples were inside the beakers.

Afterwards, a BVR2008 FC Electron Beam Evaporator was used to deposit a 2 nm thick titanium
layer, followed by a 50 nm thick gold layer. The sample was then left inside an acetone bath for 3 hours for
lift-off.

The fabricated nanoparticles were characterized using a Scanning Electron Microscope (SEM) ZEISS
Sigma and an Atomic Force Microscope (AFM) ICON Bruker to probe the quality of the particles and their
height, respectively.

Then, a 150 nm organic blend layer of PDPPT5T:IEICO-4F [46] was spin-coated onto the sample
containing the Au nanodisks structures.

3.3. Solar cells fabrication and characterization

Two samples were prepared to fabricate full solar cells. Each sample, contained four active regions where
the nanostructured solar cells were fabricated.

To start, a glass substrate with ITO was cleaned, as described before. Then, a 10-minute 600W UV plasma
cleaning process was performed in PVA TePla ION WAVE 10, before coating the samples with PMMA and
the Protective Coating AR-PC, as described before.

EBL was used to expose the optimized patterns. The dimensions of the exposed arrays for each sample,
as well as the dose and current, can be found in Annex A Table 6.

Next, a gold layer was deposited as described above. A layer of ZnO and PDPP5T:IEICO-4F [46] were
spin-coated using the parameters of Table 1.

The top layers of MoOs and Ag were deposited using metal evaporation to achieve a thickness of 10 and
100 nm , respectively.

Lastly, after a 15 minute UV light exposure, the characteristic J-V curves were traced and external
quantum efficiency measurements were carried.

Table 1 - ZnO and Organic blend spin coat parameters for full solar cell devices.

Spin-coating Annealing
RPM Time (s) Temp. (°C) Time (min)
Zn0O 4000 60 150 5
Organic Blend 720 60 - -
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4.
RESULTS AND DISCUSSION

The simulations and fabrication results regarding the full solar cell device Jsc optimization and the
strong coupling optimization in metallic structured semi-devices are presented in this section. The organic
system used to incorporate the organic solar cells is PDPPT5T:IEICO-4F, which is an industry standard donor-
acceptor blend. This blend allows for energy absorption within the visible and infrared energies of the spectrum
- IR blend - which is most valuable for photovoltaics applications, considering the solar radiation spectrum.

4.1. FDTD Simulations

Numerical FDTD simulations are a powerful tool to optimize the geometrical parameters of
optoelectronic devices. Two distinct structures were simulated: a full solar cell device and simpler device
structures to investigate strong-coupling between surface lattices resonances and organic excitons of
PDPPTS5T:IEICO-4F. The structure of the full simulated devices, with and without gold nano particle lattices,
is presented in Figure 4.1.

(A)

(B)
Ag—100 nm NP height:

30 nm

.

MoO; — 10 nm

Zn0 — 40 nm

Glass

J}

Figure 4.1 - Illlustrative cross section of the simulated full solar cell structures. (A) a typical solar cell structure without the
nanostructured lattice and (B) a solar cell cross section containing Au nanoparticle arrays.

To optimize the parameters of the structure in Figure 4.1(B) in order to achieve a short-circuit current
enhancement, a particle swarm optimization (PSO) was carried out.! Through multiple generations and
populations, the fitness parameter is updated towards its maximum value, corresponding to the maximum Jsc.
Figure 4.2 illustrates the optimization of the fitness parameter, where the Y-axis represents the different

populations, X-axis represents the different generations for each population and the color scheme indicates the
value of short-circuit current for a nanostructured solar cell - FoM.

! The PSO was implemented by P. Bai, from the Applied Physics Department of Eindhoven University of Technology.
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FoM

populations

generations

Figure 4.2 - Particle Swarn Optimization (PSO) of a metallic lattice nanostructured organic solar cell parameters values (metallic
lattice diameter and pitches, and organic blend layer height). The optimizations consisted of 30 populations, represented in the Y-
axis, over 8 generations, represented in the X-axis, aiming to achieve the highest fitness parameter value (short-circuit current)
represented by the color diagram.

The highest Jsc value is attained for the 5" population in the 3" generation, where the organic blend
height is 76 nm and the nanoparticle lattice diameter and pitch are 100 and 331 nm, respectively. The short-
circuit current, in this case, is 29.95 mA/cm2.

For a non-structured reference solar cell device - Figure 4.1(A) - a short-circuit current of 26.08
mA/cm? was calculated to be compared with the optimized design cell, where an approximately a 15 %
enhancement it is achieved.

The complexity of this multilayered structure makes it difficult to probe the influence of the
nanoparticle diameter and lattice pitch on SLRs, as well as on the strong coupling to the excitonic states of the
organic blend. In this complex structure, the metallic lattice is surrounded by ZnO, which might reduce strong
coupling effects. Thus, relatively simpler structures were simulated as depicted in Figure 4.3.

First, the structure on Figure 4.3(A) was simulated, where a nanoparticle is placed on a glass substrate,
surrounded by a 150 nm thick medium. The purpose of this medium was to emulate the bare cavity, for which
there is no absorption component due to excitons. Through the n and k (refractive index and extinction
coefficient, respectively) optical constant values of the organic blend - Annex B - it is possible to choose the
most adequate refractive index when k = 0, which for this case was 1.96.

Figure 4.4 illustrates the influence of the nanoparticle diameter and lattice pitch on the SLRs. For each
example in Figure 4.4, the donor and acceptor extinction spectra is plotted in red and blue, respectively, as
well as the surface lattice resonance extinction in black. Note that the extinction is defined as 1- Transmission,

(A) (B)
— Background (n = 1.96) — Blend (PDPPTS5T-IEICO-4F)
4 - Gloss (n-1.47) y | 't: Glass (n=1.47)
Ti (2nm) + Au (50nm) Ti (2nm) + Au (50nm)
Figure 4.3 - Finite-Difference Time-Domain (FDTD) simulation schematics to (A) study the influence of diameter and pitch
parameters on surface lattice resonance wavelengths, where a nanoparticle was placed on top of a glass substrate surrounded by a

homogeneous medium emulating the PDPPT5T:IEICO-4F bare cavity and (B) to observe the emergence of polariton states resulting
from the surface lattice resonance coupling to the organic exciton states of the blend layer.
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corresponding to the absorbed and/or scattered fraction of the incident light - Annex C - where the transmission
of the glass substrate used was taken as reference.

In Figure 4.4(A) the diameter (D) and pitch (P) of the simulated metallic lattice is 70 nm and 160 nm,
respectively (D70 P160), whereas in Figure 4.4(B) the values of D and P are 100 nm and 270 nm (D100 P270)
and lastly, in Figure 4.4(C) the D and P values are 130 nm and 355 nm (D130 P335). By adjusting the diameter
and pitch, it was possible to tune the SLRs resonance.

By increasing the parameter values from D70 and P160 nm (Figure 4.4(A)) to D130 and P335 nm
(Figure 4.4(C)) we can observe a clear redshift of the SLRs wavelengths from approximately 660 nm to 850
nm, respectively. In this work, the SLRs were purposefully tuned to overlap the PDPPT5T:IEICO-4F donor
extinction spectra (Figure 4.4(A)), the acceptor extinction spectra (Figure 4.4(C)) and both simultaneously
(Figure 4.4(B)), to achieve strong coupling between the SLRs modes and the organic blend exciton modes.
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Figure 4.4 - FDTD extinction simulation results of PDPPT5T:IEICO-4F organic blend donor layer (in red), acceptor layer (in blue)
and surface lattice resonances (SLRs) arising from gold nanodisk lattices (in black). The diameter (D) and pitch (P) of the SLRs are
(A) 70 and 160 nm, (B) 100 and 270 nm and (C) 130 and 335 nm, respectively. By shifting the diameter and pitch, it is possible to
achieve different SLRs wavelengths. In this work, the SLRs were tailored to overlap the PDPPT5T:IEICO-4F: (A) donor, (B) in-
between donor and acceptor and (C) acceptor spectra regions.

The donor (PDPPT5T) and acceptor (IEICO-4F) of the organic blend layer collectively absorb light
within a wavelength range of 600-900 nm as depicted in Figure 4.4, thus being considered an infrared organic
blend. This type of organic blend is quite favorable for OPV technology since the highest solar irradiance
wavelengths match with the PDPPT5T- IEICO-4F absorption wavelength range. In addition, this blend is also
semi-transparent in the visible region, allowing to be further exploited in novel OPV technologies, e.g., solar
cells integrated in windows.

Subsequentially, the structured depicted in Figure 4.3(B) was simulated. The material constants (n and
k values) obtained experimentally through ellipsometry measurements were used to simulate the extinction of
organic blend layer surrounding the particle array, resulting in Figure 4.5(A) black curve. By adding the
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organic blend layer to the system, polariton states arise from the coupling of surface lattice resonances with
the excitonic states of matter of the organic blend.

In Figure 4.5(B), the presence of these hybrid states can be seen (in red), as they modify the extinction
spectra. The formation of two shoulders at approximately 600 and 950 nm indicate the presence of the polariton
states. Moreover, by observing the extinction ratio (AE) of the normalized coupled system spectra with respect
to the organic blend spectra, it is possible to have a clearer view over both the upper and lower polaritons
established by the strong coupling, Figure 4.5(C).
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Figure 4.5 - FDTD extinction simulations results of (A) PDPPT5T:IEICO-4F organic blend (in black) with the respective donor (in
red) and acceptor layer (in blue), (B) PDPPT5T:IEICO-4F extinction spectra (in black) compared to strongly coupled system of
PDPPT5T:IEICO-4F organic excitons and SLRs emerging from gold nano disk lattices with a diameter of 100 nm and a pitch of 270
nm (in red) with two visible shoulders at approximately 600 and 950 nm, and (C) the extinction ratio (AE) of the normalized coupled
system spectra with respect to the organic blend spectra.

The figures presented so far are illustrative examples of the several cases which were studied to achieve
strong-light matter coupling between the SLRs and the donor and acceptor layers, either individually or

simultaneously. Considering the several values of diameters and pitches, achieved through simulations, to

optimize the coupling strength, only six pairs of values were chosen to fabricate samples - Table 2.
Table 2 - Au NPs optimized diameter and pitch values for the considered scenarios.

Scenarios SLR - Donor couple | SLR - Donor and Acceptor couple | SLR - Acceptor couple
Diameter (nm) 70 70 100 120 130 150
Pitch (nm) 120 160 270 240 335 420
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4.2. Au nano particle arrays

To study and characterize simpler gold nanoparticle array structures to gain insight on strong light-matter
coupling established between SLRs and excitons in acceptor-donor blends, samples of glass substrate with
nano disk arrays on top were prepared as described in chapter 3.2.

The layout of this sample was designed anticipating experimental errors induced during the fabrication.
- Figure 4.6. For each diameter value presented in Table 2, four arrays of particles were designed, starting from
the initial value, further decreasing it in steps of 5 nm (in black). For these structures a 2 nA beam current was
used in EBL.

Pitch =120

55 60 65 70

Pitch = 420

130 135 145 150

Figure 4.6 - Metallic nano particle lattices sample layout, containing four test arrays for each diameter.

Before coating the sample with PDPPT5T-IEICO-4F blend, a 300 nm thick layer of polysterine was
spin coated. Polysterine has a refractive index of 1.6 [47] which is fairly close to the simulated bare cavity
layer refractive index of 1.96. Thus, it was possible to experimentally measure the optical response of the SLRs
uncoupled states on the sample.

Subsequentially, the polysterine layer was removed with anhydrous chloroform, and a 150 nm layer
of the organic blend layer was spin coated onto the sample to retrieve optical measurements of the PDPPT5T-
IEICO-4F blend and the coupled states of SLRs and organic excitons.

The following results present the spectrometry measurements of the nanostructured lattice uncoupled
SLRs and the measurements of the coupled states between the resonances and the organic excitons.

Figure 4.7 illustrate the SLRs, emerging from metallic nano disks with a diameter (D) of 70 nm and a
pitch (P) of 160 nm, designed to overlap with the donor layer spectra of the PDPPT5T-IEICO-4F organic blend
(around 700 nm wavelengths). Figure 4.7(A) shows the experimental uncoupled organic blend (in black) and
SLR (in red). The noise present in the uncoupled SLR measurements is due to misalignments in the
spectrometry system, however it does not affect the visibility of the SLR peak. Figure 4.7(B) shows the
spectrometry measurements of lattices surrounded by the organic blend layer. Lastly, Figure 4.7(C) shows the
extinction ratio (AE) of the normalized SLR:blend system spectra with respect to the organic blend spectra.

Figure 4.7(B) and (C) might lead to believe the SLR is coupled to PDPPT5T-IEICO-4F organic blend,
resulting in the peak approximately at 560 nm. Nevertheless, the uncoupled states, in Figure 4.7(A), show that
the emergent peak results from the addition of the individual SLR and the organic blend extinction spectras
and not from the coupling between the two states.
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Figure 4.7(D) SEM images show spherical nano disks which appear to be well defined. Attending to
the fact that the substrate is non-conducting, it was difficult to achieve clear images due to charging effects,
even when a sample holder with a copper clamp was used. The diameters and pitches of the nano disks were
retrieved using ImageJ Software - by averaging several nanoparticle diameter values, it was possible to attain
a more representative value. Although the desired diameter for these lattices was 70 nm, experimental
measurements show a diameter of 83 nm. The second set of metallic lattices with a diameter of 70 nm and a
pitch of 120 nm, also intended to overlap the donor spectra of the organic blend, displayed similar spectrometry
results.
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Figure 4.7 - Spectrometry extinction results of (A) uncoupled states of SLRs emerging from gold nano disk lattices with a diameter
of 70 nm and a pitch of 160 nm (in red) measured in 300 nm thick medium with n=1.6 and PDPPT5T:IEICO-4F organic blend (in
black), (B) SLRs plus PDPPT5T:IEICO-4F system (in red) and organic blend (in black), (C) the extinction ratio of the normalized
spectra of the SLRs plus PDPPT5T:IEICO-4F system (in blue), with respect to the organic blend. (D) SEM images of gold nano disk
lattices with 70 nm in diameter and 160 nm in pitch.

In Figure 4.8, the SLR arising from metallic nano disks, with diameter (D) of 120 nm and pitch (P) of
240 nm was designed to overlap simultaneously the donor and acceptor layer spectra of the PDPPT5T-IEICO-
4F organic blend. In Figure 4.8, panel (A) shows the experimental uncoupled organic blend (in black) and the
SLR (in red), panel (B) shows the spectrometry measurements of lattices surrounded by the organic blend
layer and panel (C) shows the extinction ratio (AE) of the normalized SLR:blend system spectra with respect
to the organic blend spectra and panel (D) shows SEM images of the metallic lattices.

It is clear, by Figure 4.8(A), that the SLR is not overlapping both the donor and acceptor layers of the
organic blend as intended. In fact, the SLR is not coupling to either donor or acceptor, and the peak present
approximately at 625 nm in Figure 4.8(B), results, once more, from the addition of the uncoupled states
extinction spectra. Thus, the enhancement of the extinction spectra present in Figure 4.8(C), near 625 nm is
caused by the SLR spectra and not by the presence of hybrid states. On the other hand, the metallic lattices, in
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Figure 4.8(D), presented an experimental diameter of 123 nm, which is excellent, considering the desired
diameter of 120 nm.

Similar results were obtained for the alternative SLR, emerging from lattices with 100 nm in diameter
and 240 nm in pitch, which was also expected to overlap both donor and acceptor layer of the PDPPT5T-
IEICO-4F organic blend.
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Figure 4.8 - Spectrometry extinction results of (A) uncoupled states of SLRs emerging from gold nano disk lattices with a diameter
of 120 nm and a pitch of 240 nm (in red) measured in 300 nm thick medium with n=1.6 and PDPPT5T:IEICO-4F organic blend (in
black), (B) SLRs plus PDPPT5T:IEICO-4F system (in red) and organic blend (in black), (C) the extinction ratio of the normalized
spectra of the SLRs plus PDPPT5T:IEICO-4F system (in blue), with respect to the organic blend. (D) SEM images of gold nano
disk lattices with 120 nm in diameter and 240 nm in pitch.

Figure 4.9 shows the results of the SLR originated from a 130 nm in diameter (D) and 335 nm in pitch
(P) gold nano disk lattice. Panels (A), (B), (C) and (D) of Figure 4.9 illustrate the same type of measurements
mentioned for the previous cases. The SLR (in red), presented in Fig.11(A), was initially designed to
exclusively overlap the acceptor layer spectra of the organic blend (near 850 nm wavelengths).The
experimental data shows two peaks at approximately 530 and 750 nm. The smaller peak corresponds to the 1%
order Rayleigh anomaly (RA) and can be calculated through RA = n X a, where n is the refractive index of
the particle surrounding medium and a is the lattice pitch. In this case RA = 1.6 x 335 = 536 nm.
Interestingly, the second peak (at 750 nm) overlaps both donor and acceptor layers extinction spectra. In Figure
4.9(B), it is clear the emergence of a peak at approximately 950 nm. Unlike previous cases, this peak resulted
from the coupling of the SLR and the PDPPT5T-IEICO-4F exciton states - polariton peak. By normalizing the
extinction of this coupled system, with respect to the organic blend, it is possible to have a clearer view over
the formation of these peaks. The normalized spectra of the coupled system - Figure 4.9(C) - not only shows
the lower polariton peak at 950 nm, but also allows to observe the presence of a second peak at approximately
650 nm - upper polariton peak - which is not distinguishable through Figure 4.9(B). Figure 4.9(C) is quite
similar to the simulated results of Figure 4.5(C), where two polariton peaks are clearly visible
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Lastly, the experimental diameter of the lattice present in Figure 4.9(D) is 151 nm, which is higher
than the expected 130 nm.
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Figure 4.9 - Spectrometry extinction results of (A) uncoupled states of SLRs emerging from gold nano disk lattices with a diameter
of 130 nm and a pitch of 335 nm (in red) measured in 300 nm thick medium with n=1.6 and PDPPT5T:IEICO-4F organic blend (in
black), (B) SLRs plus PDPPT5T:IEICO-4F system (in red) and organic blend (in black), (C) the extinction ratio of the normalized
spectra of the SLRs plus PDPPT5T:IEICOA4-F system (in blue), with respect to the organic blend. (D) SEM images of gold nano disk
lattices with 130 nm in diameter and 335 nm in pitch.

The results of the alternative metallic lattice, with a diameter of 150 nm and a pitch of 420 nm, of
which SLR was designed to overlap with the acceptor layer of the organic blend, is present in Figure 4.10. The
SLR at approximately at 800 nm, emerging from Figure 4.10(D) structures, does not exclusively overlap the
PDPPTS5T:IEICOA4-F acceptor layer, as intended - Figure 4.10(A). Nevertheless, the coupling of the organic
blend excitons with the SLR results in the emergence of a peak at approximately 960 nm, as seen in Figure
4.10(B). The normalized coupled system, with respect to the organic blend - Figure 4.10(C) - shows the lower
polariton peak, at 960 nm and a faint lump at approximately 650 nm. The latter, could indicate the upper
polariton peak, however, the broad spectra of the PDPPT5T:IEICO-4F organic can mask the presence of well-
defined peaks. An additional peak was also observed in Figure 4.10(A), at approximately 600 nm. Since the
1% order RA for this lattice is around 1.6 x 420 = 672 nm, this peak likely is the localized surface plasmon
resonance (LSPR) of a single nano particle.

Lastly, the SEM image, Figure 4.10(D), of the lattices show an experimental diameter of 174 nm,

which is higher than the intended diameter of 150 nm.
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Figure 4.10 - Spectrometry extinction results of (A) uncoupled states of SLRs emerging from gold nano disk lattices with a diameter
of 150 nm and a pitch of 420 nm (in red) measured in 300 nm thick medium with n=1.6 and PDPPT5T:IEICO-4F organic blend (in
black), (B) SLRs plus PDPPT5T:IEICO-4F system (in red) and organic blend (in black), (C) the extinction ratio of the normalized
spectra of the SLRs plus PDPPT5T:IEICO4-F system (in blue), with respect to the organic blend. (D) SEM images of gold nano
disk lattices with 150 nm in diameter and 420 nm in pitch.

The following table summarizes the designed and the respective experimental diameter values for the
metallic lattices presented above:

Table 3 - Summary table of diameter dimensions of the most promising Au NPs arrays.

Arrays Diameters (nm)
Designed 70 70 100 120 130 150
Experimental 81 83 104 123 151 174

By observing Table 3, it is possible to see that for the diameters of 100 and 120 nm, the experimental
diameter corresponds perfectly to the designed one. These arrays were fabricated with a 10 nm difference with
respect to the designed value. Further analysis of the arrays showed that to process nanoparticles with a specific
diameter, it is ideal to offset the designed diameter value predominantly by 10 nm, except for higher diameters,
such as 130 and 150 nm, where the optimal offset is 15 nm.

Having the full solar cell device fabrication in mind, three of the most promising arrays were selected
from Table 3 to be incorporated later in solar cells, these being the metallic lattices with diameter (D) and pitch
(P) values of: D70 P160 nm, D130 P335 nm and D150 P420 nm. Both D=130 and D=150 nm lattices were
selected since they present IR enhancements. This is the most interesting region to optimize the absorption of
the cell since it coincides with the highest solar irradiance wavelengths.
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To evaluate the power absorbed by the gold nanostructures and the organic blend, a Pabs_advanced
box was used in ANSYS Lumerical, comprising the organic blend layer and gold nanostructures. Figure 4.11
illustrates the simulations of the power absorbed per unit of volume, normalized in respect to the source power,
for the Au nanoparticle (in red), the organic blend (in black) and the total power absorption (in blue).

By comparing the Au NP and blend absorption spectra, it is clear that the latter does not play a major
role when it comes to enhancing the absorption of the overall device. However, the gold nanodisks present
clear absorption peaks for the arrays with nanoparticles with D=130 (Figure 4.11(B)) and D=150 nm (Figure
4.11(C)) approximately at 960 and 1020 nm, respectively. As for the Au NPs with D=70 nm - Figure 4.11(A),
there is no evidence of a clear peak unlike the previous cases, however there is an increase of power absorption
near 560 nm, creating a visible lump on total absorption curve (in blue) which matches with the SLR peak in
Figure 4.7(A).
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Figure 4.11 - FDTD simulations of the power absorbed per unit of volume, normalized to the source power, within the
PDPPT5T:IEICO-4Forganic blend layer placed on top of nanoparticle arrays. The individual absorption of the organic blend is
depicted in black, the gold nanoparticle lattice absorption in red and the total absorption in blue for lattices with (A) 70 nm particle
diameter and 160 nm pitch, (B) 130 nm particle diameter and 335 nm pitch and (C) 150 nm particle diameter and 420 nm pitch.

Additional measurements were done in a Fourier microscopy setup, to infer the extinction dispersion
of the lattices. Fourier microscopy is an important tool to characterize optical nanostructures. This type of
microscopy allows to quantitatively measure information about the angular spectra of a microscopic sample.
The setup used in this work can be found in Annex D. The following example illustrates the Fourier results
obtained for a lattice with nanoparticles of 130 nm diameter and a pitch of 335 nm - where the SLRs energy
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was intended to overlap the organic blend acceptor layer extinction. In this diagram, the Y-axis represents the
photon energy, in eV (left) and wavelength (right), and the X-axis (K /) is the parallel wavevector to the surface

of the incident plane wave, define as 27ﬂsin (8), where 0 represents the incident angle measured with respect

to the surface normal. The color scale represents the extinction of the sample. Figure 4.12(A) and Figure
4.12(B) are the extinction dispersion of the same sample, measured for transverse magnetic (TM) and
transverse electric (TE) polarization, respectively, normalized with respect to the extinction of a layer of
PDPPT5T:IEICO-4F organic blend.

In Figure 4.12, two distinct Rayleigh anomalies can be observed for (+1,0) and (-1,0) diffraction orders
- dashed yellow lines in Figure 4.12(A). Additionally, two vertical lines can be noticed in both measurements
of Figure 4.12 that could not be explained. A noticeable shift in energy can be seen, as the lower polariton
energy band depicted by the dark grey dots bends, shifting from wavelengths of approximately 900 nm, Figure
4.12(A), towards lower energies, at approximately 950 nm (Figure 4.12(B)) - in accordance to the spectrometry
results in Figure 4.9(C). Additionally, a faint energy band (in light orange), can be observed at 650 nm,
resembling the peak seen in Figure 4.9(C).
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Figure 4.12 - Fourier measurements of extinction dispersion for metallic arrays with 130 nm in diameter and 335 nm in pitch
under (A) Transverse Magnetic and (B) Transverse Electric polarizations, normalized with respect to a PDPPT5T:IEICO-
4F organic blend layer.
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4.3. Solar cells devices

Each full solar cell layout had four active areas where the devices were fabricated. Two of these regions
had smaller areas of 0.09 cm?, while the remaining two had bigger areas of 0.16 cm?. For each sample, one
cell was left with no arrays (as a reference), whereas the other three were designed to contain the arrays referred
in Figure 4.11. Figure 4.13 illustrates the layout containing the active areas (in blue), the ITO bottom electrode
contact (in light grey), and the Ag metal electrode contact (in dark grey) ona 0.5 mm grid.

Figure 4.13 - Fabricated full solar cell device layout, containing four active regions in blue, connected by “L” shaped electrodes of
ITO (dark grey) and Ag (light grey), behind a 0.5 mm grid, for reference.

Two samples were prepared?, containing similar lattices. In sample A, the lattices were embedded in
the ZnO layer whereas, in sample B, the arrays were deposited on top of the ZnO layer.

In sample A, the nanoparticle height was limited by the ZnO layer, which has a thickness of 40 nm,
thus the fabricated gold structures were designed to have 30 nm in height, contrary to sample B, where there
was no height limitation, therefore allowing the fabrication of 50 nm tall arrays. To acquire information about
the experimental height and diameter of the fabricated nanoparticle arrays of the solar cells in sample A, AFM
measurements were carried out - Figure 4.14.

5um
Figure 4.14 - Atomic force microscopy (AFM) image of a 5x5 pm metallic lattice region with 150 nm in diameter and 420 nm in pitch.

Z In collaboration with T.P.A. Van der Pol from the Chemical Engineering and Chemistry Department of
Eindhoven University of Technology.
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The following table summarizes the AFM results for sample A heights and diameters.

Table 4 - AFM results for sample A solar cell array diameter and height.

Projected AFM
Diameter (nm) Height (nm) Diameter (nm) Height (nm)
Sample A 70 30 78,17 38,83
130 30 162,8 37,67
150 30 174,5 37,17

The diameters measured with AFM on sample A presented some differences with the SEM results of
Table 3, likely due to the inherent error associated with the AFM tips geometry.

The heights of the nanoparticle arrays, displayed in Table 4, also present some differences regarding
the desired value of 30 nm - overall being almost 1/3 higher than expected. These differences can also be an
artifact from the AFM tip geometry.

Following with the full device’s fabrication, the samples were characterized regarding their J-V curves
and EQE to probe their optical response®. The results of these two characterizations are shown from Figure
4.15 to Figure 4.17, as well as in Table 5, where all the relevant parameters, for each characterization, are
summarized.

The J-V curves of the solar cells for sample A is illustrated in Figure 4.15. By comparing the reference
cell (black curve) and the nanostructured cell (color curves) it is conclusive that there was not a short-circuit
current enhancement - as it suffered a slight decrease in current due to the reflection of the incident light by
the lattices.

It is worth mentioning that the lattices were simulated and designed in simpler structures with different
surrounding mediums, adding to the complexity of layers in the final structure, strong coupling effects are
mitigated. On the other hand, it is also observable that the nanostructured solar cells’ Voc - approximately 0.54
V - is the same as the reference. These are very encouraging results since, among other factors, the solar cell
morphology plays an important role regarding its Voc [10] and by incorporating nanoparticle arrays , and thus

Sample A
10

o /

J (mA/cm?)
=

= — D70
=20 + D130
D150
— Reference cell

_30 1 1 1 L 1
0,0 0,1 02 03 04 105 06

Voltage (V)

Figure 4.15 - J-V curves of sample A, illustrating the gold nano disk structured solar cells in color, with metallic lattices with diameters
(D) and pitches (P) of: D70 P160 nm (in red), D130 P335 nm (in blue) and D150 P420 nm (in green) and the reference cell without

arrays (in black).

3 The JV curves and EQE measurements were performed with the assitance of T.P.A. Van der Pol from the Chemical
Enginnering and Chemistry Department from Eindhoven University of Technology.
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changing the device’s morphology, no degradation was induced in the open-circuit voltage of the samples. The
fill factor of the solar cells, power conversion efficiency, Jsc, and VVoc were determined from the measurements
and are given in Table 5. By taking a closer look, we see that the fill factor did not suffer oscillations, remaining
approximately close to 0.51. Despite the steady Voc and FF, the conversion efficiency is still impacted by the
Jsc of the cells, suffering a slight decrease.

Lastly, the J-V curves of sample B (not shown) revealed that every nanostructured cell was short-
circuited, thus demonstrating that it is not viable to deposit the gold nanoparticles above the ZnO layer.

Figure 4.16 shows the results for the external quantum efficiency of sample A. The dashed and solid
lines in the Figure 4.16 represent the EQE measurements with and without bias, respectively. Comparing all
nanostructured cells with Au lattices (in color) with the reference cell (in black), where no arrays were
implemented, it is clear that the presence of these structures strongly influences the shape of the EQE spectra.
Overall, the EQE of the structured cells is lower than the reference cell. However, a small enhancement can
be noticed approximately at 580 nm, for the cell with D=130 nm (green curve). In addition, for cells with
nanoparticles of diameter D=65 and D=130 nm, a noticeable shift of the absorption edge can be observed by
zooming sample A spectra - Figure 4.17, indicating that metallic lattices can indeed be exploited in organic
photovoltaics to reshape the absorption spectra towards higher enhancements. Considering that the Voc
displayed no degradation by the incorporation of the lattices and that the Jsc suffered a slightly reduction due
to the reflection of the arrays, | believe these are very promising results for further work regarding
nanostructured OPV technology.
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Figure 4.16 - External quantum efficiency (EQE) measurements of gold nano disk nanostructured organic solar cell, illustrated in
color, with metallic lattices of 65 nm diameter (in red), 130 nm diameter (in green) and 150 nm in diameter (in blue) and the
reference cell without arrays (in black). The solid lines represent the EQE measurements with no bias, whereas the dashed lines
are relative to the measurements with bias.
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Figure 4.17 - Zoomed-in external quantum efficiency (EQE) measurements of gold nano disk nanostructured organic solar cell,
illustrated in color, with metallic lattices of 65 nm diameter (in red), 130 nm diameter (in green) and 150 nm in diameter (in blue)
and the reference cell without arrays (in black). The solid lines represent the EQE measurements with no bias, whereas the dashed
lines are relative to the measurements with bias.

Table 5 - Summary table of J-V curves and EQE extracted parameters values.

Sample Arrays Jsc (mA/cm?)  Voc (V) FF PCE | EQE nobias EQE bias

A REF 15.8 0541 0511 4.43 17.4 16.33
D70 P160 11.7 0.548 0.444 2.8 13.62 12.64
D130 P335 12.5 0541 0509 3.45 13.69 12.59
D150 P420 13.7 0543 0503 3.75 14.75 13.55

B REF 11.9 0.297 0.297 1.05 17.09 12.43
D70 P160 - - - - - -
D130 P335 - - - - - -
D150 P420 - - - - - -
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5.
CONCLUSIONS AND FUTURE PERSPECTIVES

The goal of this work was to simulate, fabricate and characterize full solar cell devices to optimize the
short-circuit current, as well as simpler structures to probe and maximize the strong light-matter coupling
between surface lattice resonances and excitons in the donor-acceptor industry standard blend
PDPPTST:IEICO-4F.

Initial simulations were implemented to conclude which array dimensions, diameter and pitch, and
thickness of the blend would result in the maximum short-circuit current when compared to a non-structured
solar cell. The results showed a current enhancement of 15%. However, the complexity of this structure
unables to probe the strong coupling between the collective resonances and the excitons states. Thus, simpler
structures were simulate, where surface lattice resonances would spectrally overlap with the donor and/or
acceptor of the organic blend. From these simulations, six metallic lattices were chosen to be fabricated with
the following diameters (D) and pitches (P) - D70 P120, D70 P160, D100 P270, D120 P240, D130 P335 and
D150 P420.

Anticipating experimental errors induced during the fabrication, different diameter arrays were
prepared on glass substrates to study variations on the nanoparticles dimensions. After measuring the diameter
of the nanoparticles with SEM and ImageJ Software, the overall diameters which best match the desired
dimensions, are the ones projected with an offset of 10 nm, except for the two highest diameters where the
best match was for an offset of 15 nm.

Spectrometry measurements of the gold nano disk lattice samples, coated with Polysterine, show
different extinction spectras when compared to the simulated lattices. The experimental SLRs, emerging from
lattices with diameters of 70nm, 100 nm and 120 nm do not overlap with either the donor or acceptor extinction
spectras of PDPPT5T:IEICO-4F organic blend. The peaks, arising in the spectrometry results of the lattices
coated with the organic blend, are emerge from the sum of the individual uncoupled states extinction spectras,
and hence, do not emerge from coupling.

On the other hand, the SLRs of lattices with diameters of 130 and 150 nm overlap with both donor
and acceptor extinction spectras of the PDPPT5T:IEICO-4F organic blend, resulting in the formation of visible
peaks at 950 and 960 nm, respectively. Unlike the previous cases, these peaks result from the coupling of SLRs
with PDPPT5T:IEICO-4F excitons (polaritons). The normalized extinction of the coupled system, with respect
to the organic blend, shows the presence of a second peak for D=130 nm at approximately 650 nm, and a slight
lump for D=150 nm, for the same wavelength. The latter could be indicating an upper polariton peak, however,
the broad extinction of the PDPPTST:IEICO-4F blend is possibly masking its appearance. Fourier
measurements corroborate the results for the D=130 nm lattices, where two energies bands were also visible.

Two patterned substrates were prepared to deposit the nano disk arrays for the final solar cell devices
and before coating the samples with the organic blend, ZnO and Ag layers, AFM measurements were done, to
retrieve the diameters and height of the nanoparticles. Although the diameters embebbed in the solar cells
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matched the ones studied before, the nano disk height was approximately 10 nm higher than the expected 30
nm - presumably due errors induced by the AFM the tip geometry.

Afterwards, the fabrication of two samples was completed: Sample A, where the metallic lattices were
embedded in the ZnO layer and Sample B, where the metallic lattices were embedded in the organic blend
layer. For the latter case, the devices were all short-circuited, demonstrating that it is unviable to deposit gold
nanoparticles onto the ZnO layer. After measuring the J-V curves and retrieving the relevant solar cell
parameters for sample A, it is clear that the Jsc, when compared to the reference, has experienced a slight
decrease. This decrease is somewhat expected, considering the low Jsc percentage enhancement achieved with
the simulations, the layer complexity of the final device structure and the increased reflectivity resulting from
the incorporation of the metallic nanoparticles. The J-V measurements also demonstrated the possibility of
incorporating metallic nanoparticle arrays in organic photovoltaics (thus changing its morphology) without
degrading the cell’s open-circuit voltage Voc. Similarly, the fill factor in sample A devices remained
practically unchanged.

External quantum efficiency measurements were also performed on both samples, presenting similar
results. In both cases, it was possible to affirm that the nanoparticle arrays have a strong influence on the EQE
spectra shape, when compared to a non-nanostructured cell. The EQE spectra of these samples show again that
the Jsc did not suffered a noticeable enhancement. Interestingly, it was possible to expand, even if by a small
amount, the absorption edge of the blend towards infrared energies.

Despite the goal of achieving a short-circuit current enhancement by strong light matter coupling was
not reached, this work demonstrated very promising results. From a material point of view, lattices of metallic
nanoparticles introduced a reflectivity and losses to the system, hence other materials instead of metals, such
as silicon, might be more advantageous. Additionally, different organic blend polymers could be investigated
to exploit the maximum enhancement that polaritons states can provide. Lastly, for the specific application of
transparent window photovoltaics, which is possible due to the transparency of the organic blend in the visible,
the silver electrode could be replaced by a transparent material, such as ITO. From a geometrical point of view,
several numerical optimizations can be done to reach the most favorable lattice dimensions and blend
thickness, which were beyond the scope of this thesis.
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A.

EBL parameters used for each array dimensions.

Table 6 - EBL parameters used for each array dimensions.

Array Dimensions Beam

Array No. Diameter _ Current  Beam Size Step Size Dose ,
(nm) Pitch (nm) (nA) (nm) (nm) (um/cm?)
1 70 120 2 18 4 1100
2 70 140 2 18 4 1100
3 70 160 2 18 4 1100
4 70 180 2 18 4 1100
5 100 270 2 18 4 1100
6 100 290 2 18 4 1100
7 120 240 2 18 4 1100
8 120 260 2 18 4 1100
9 130 335 2 18 4 1100
10 130 355 2 18 4 1100
11 150 420 2 18 4 1100
12 150 450 2 18 4 1100
13 120 240 30 31 4 1200
14 120 260 30 31 4 1200
15 130 335 30 31 4 1200
16 130 355 30 31 4 1200
17 150 420 30 31 4 1200
18 150 450 30 31 4 1200
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B.

Organic blend n and k values.
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Figure 5.1 -PDPPT5T:IEICO-4F organic blend n (refractive index) and k (extinction coefficient) values for in-plane (IP) and out-of-
plane (OOP) dispersion.

60



C.

Extinction Formula.

TSample - TDark

Extinction =1 —
TReference - TDark

Where T is Transmission.
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D.

Fourier Microscopy Setup.
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