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ABSTRACT 

 

The recent advances in different fields regarding nanomaterials and plasmonic devices urge for the 

improvement and development of new high accuracy tools for their characterization. Among those devices are 

plasmonic solar cells with metallic nanoparticles embedded on their composition. Those cells have been a 

recurrent topic of research in the scientific community due to their unique properties derived from the interac-

tions of the particles with the incident light. Due to their size and physical properties, those cells and similar 

devices, could benefit from a time and cost-efficient method to measure their properties under different illu-

mination angles. Therefore, this thesis proposes a Fourier optical setup based on lenses and microscopy prin-

ciples to characterize plasmonic solar cells. The current given by the cells under different illumination angles 

is studied aiming to understand the impact of metallic nanoparticles with different sizes and spacing in a bulk 

heterojunction organic solar cell. Furthermore, to support those measurements, simulations are performed with 

different software packages, namely Lumerical, MATLAB and COMSOL. The proper alignment of the optical 

setup is thereby explained in detail, as well as its characterization. Ultimately, it is shown that the setup is 

reliable, although the solar cells studied do not seem to benefit from the illumination under different incident 

angles.  

 

Keywords: Microscopy; Fourier; Solar cells; Illumination angle dependency. 
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RESUMO 

 

Os recentes avanços em diferentes áreas relacionadas com nanomateriais e dispositivos plasmónicos 

exigem o aprimoramento e desenvolvimento de novas ferramentas de alta precisão para a sua caracterização. 

Entre esses dispositivos estão células solares plasmónicas com nanopartículas metálicas embutidas na sua 

composição. Este tipo de células tem sido um tema recorrente de pesquisa na comunidade científica devido às 

suas propriedades únicas derivadas das interações das partículas com a luz incidente. Devido ao seu tamanho 

e propriedades físicas, essas células e outros dispositivos semelhantes, podem beneficiar de um método barato 

e eficiente para medir as suas propriedades sob diferentes ângulos de iluminação. Esta tese propõe assim uma 

setup ótica de Fourier baseada nos princípios físicos de lentes e de microscopia, para caracterizar células sola-

res plasmónicas. A corrente produzida pelas células sob diferentes ângulos de iluminação é estudada com o 

objetivo de entender o impacto de nanopartículas metálicas com diferentes tamanhos e espaçamento entre si, 

em uma célula solar orgânica de heterojunção. Além disso, são realizadas simulações com diferentes softwares, 

nomeadamente Lumerical, MATLAB e COMSOL. O alinhamento da setup ótica é explicado em detalhe, assim 

como a sua caracterização. Por fim, é demonstrado que a configuração é confiável, embora as células solares 

estudadas não beneficiem com diferentes ângulos de iluminação. 

 

Palavras-chave: Microscopia; Fourier; Células solares; Dependência de ângulo de iluminação. 
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1  

INTRODUCTION 

The motivation for the present work is depicted in this chapter. Some optical fundamentals regarding 

convex lenses will be explained as they play a major role on the Fourier microscopy setup that was built during 

this thesis. An introduction to bulk heterojunction organic solar cells is also given, as those will be the type of 

devices that will be studied both with simulations and experimental data. 

1.1 Motivation  

Multiple software can be used to simulate directional light emission and absorption by different types 

of nanoscale devices, such as Lumerical, COMSOL or MATLAB. Although, for experimental measurements, 

this can become a tricky thing to do due to the small scale of the devices and the high precision requirements. 

 Precise rotational stages - often called goniometers - are typically used to measure directional optical 

properties of large-area samples [1]–[5]. In this type of measurement, light that is emitted or scattered by the 

sample in a particular direction can be collected by a detector which can be precisely rotated around the sample. 

In some cases the detector can only rotate in one plane, and some of the light reflected/scattered by the sample 

might not be fully collected and analyzed. Considering the limitations of rotation stage-based techniques, mi-

croscopy has become a usual method for directional light measurements. 

Among the wide range of microscopy techniques used by the scientific community, Fourier microscopy 

has been widely used for measurements of directional light emission in nanoscale samples. This technique is 

directly related to the optical properties of lenses, that can focus plane waves on unique positions in their back 

focal plane which contains information about the light intensity scattered/emitted in particular directions [6], 

[7]. This so-called Fourier image represents information on the reciprocal space, while the input image is the 

spatial domain equivalent. Fourier microscopy has been used for imaging the directional emission of fluores-

cent beads [8], dye-molecules coupled to plasmonic gratings [9], quantum dots coupled to plasmon antennas 

[10] or single plasmonic nanowires [11], [12].  

In this thesis an optical setup is described, which, in similarity with a Fourier microscope, makes use of 

the back focal plane of an objective lens. However, this setup does not aim to make direct measurements from 

the Fourier image – instead, it will make use of the optical properties of lenses and the objective to redirect 

light onto samples with different (and controllable) illumination angles.  The short-circuit current density (𝐽𝑆𝐶) 

of solar cells with metallic nanoparticles embedded in their composition is studied in this thesis. 

The standard characterizations for commercial photovoltaic are performed at normal incidence, although 

these are not sufficient to evaluate the overall cell efficiency during the day, since the rotation of the earth and 

the diffuse component of solar radiation may represent a considerable percentage to take into account [13], 

[14], [15]. By having nanoparticles, light might have different interactions inside the devices, and thus it might 

present higher 𝐽𝑆𝐶 values for certain angles of illumination.   

 Lenses theory and introduction to Fourier microscopy 

Microscopy techniques are mainly based on the optical properties of lenses, which can have many 

shapes and different properties [16], [17], [18]. For the purpose of this work, only convex lenses made of glass 

(𝑛 = 1.5) were considered. These convex lenses can be easily identified by their shape, whereas they have a 

thick mid cross section in comparison to its thinner upper and lower edges. When parallel rays of light pass 
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through a convex lens, the refracted rays converge at a single point 𝐹, at a focal distance 𝑓 of the lens on the 

other side of the plane of light emission, as depicted on Figure 1.  

 

 
Figure 1 - Ray tracing schematic for a convex lens hit by a collimated light beam. 

The same principle can be observed in an inverse and reciprocal way, whereas if the light rays of an 

emission source converge at exactly the focal distance of a convex lens, they will diverge until hitting the lens 

and then get refracted parallel to the optical axis in such a way that it is considered that the focus will be at 

infinity (at the rear side of the lens, considering the illumination source the front side).  

The XY plane where the focal distance of a lens sits is called the focal plane. When the lens is moved 

on its XY plane, the focus point of an incident light beam will also be displaced on the focal plane (Figure 

2)[19]. The same happens if the lens is at a fixed position but the incident beam is displaced and hits the lens 

at a different position. 

 

 
Figure 2 - Ray tracing schematic for a fixed convex lens where there is a displacement of the incident beam which creates a displace-

ment on the back focal plane of the lens. 

 

This can be described by the transmittivity of a lens, giving the relation between an incoming wave 

with an amplitude distribution 𝑈𝑖(𝜉, 𝜂) and the transmitted wave with an amplitude distribution 𝑈𝑡(𝜉, 𝜂), where 

(𝜉, 𝜂) are the coordinates in the plane of the lens [20], [21], [22]. This relation is given by:  

 

 𝑈𝑡(𝜉, 𝜂) = t(𝜉, 𝜂) ∙ 𝑈𝑖(𝜉, 𝜂), (1) 

 

where the transmittivity of a converging spherical lens t(𝜉, 𝜂) is given by: 

 

 t(𝜉, 𝜂) = 𝑒(𝑖𝑘𝑛∆0)𝑒
(−𝑖

𝑘

2𝑓
(𝜉2+𝜂2))

, (2) 
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where 𝑘 represents the wavenumber (𝑘 =
2𝜋

𝜆
 , where 𝜆 is the wavelength of the incident light), and ∆0 the 

maximum thickness of the lens. The amplitude at a distance 𝑓 from the lens is then given as a function of the 

incident field amplitude 𝑈𝑖(𝜉, 𝜂), considering the Fresnel diffraction integral which describes the propagation 

of waves: 

 𝑈𝑓(𝑥, 𝑦) =
𝑒

(𝑖
𝑘

2𝑓
(𝑥2+𝑦2))

𝑖𝜆𝑓
∬ 𝑈𝑖(𝜉, 𝜂)

+∞

−∞
𝑒

(−𝑖
2𝜋

𝜆𝑓
(𝜉𝑥+𝜂𝑦))

d𝜉d𝜂,  (3) 

 

where 𝑥 and 𝑦 represent the spatial coordinates in the focal plane of a lens.  

The focal plane at the rear side of the lens in respect to the plane of illumination is called the back focal 

plane (BFP). In this thesis a Fourier microscopy setup is used. This type of microscope makes use of the 

properties of the BFP as it provides an alternative set of information which is not available in conventional 

real space imaging, whereas in this plane the information is encoded in angular co-ordinates in contrast to the 

real plane image, where the resolution is in spatial coordinates. Placing a screen/detector in the BFP reveals 

an intensity map of the directional scattering/emission referred to as a Fourier image. This plane has emerged 

as an important tool for nanophotonics. Measuring the angular emission pattern has been utilized in several 

applications, such as measuring radiation patterns from nanoantennas [23], in understanding coupling mecha-

nisms in cavities [24], and much more.  

A conventional microscope makes use of real-space imaging, which means that the object being studied 

is projected as an image trough a set of lenses at some point of the optical path.  A simple explanation for this 

real image formation is thoroughly explained in any optics book [6], [22]. Making use of a simple convex lens 

is the most practical example, which can be described by an algebraic relationship that relates the focal length 

to the distance of the object to the lens, and the distance of the correspondent projected image on the opposite 

side of the lens, given by 

 

 
1

𝑓
=

1

𝑑𝑜
+

1

𝑑𝑖
 (4) 

 

where 𝑑𝑜 is the object distance and 𝑑𝑖 the projected image distance.  

Making use of the properties of lenses described above, a Fourier microscopy setup was built and aligned 

in this thesis, with the goal of understanding how different incident light angles would affect the 𝐽𝑆𝐶 of plas-

monic solar cells. This setup will make use of both real-space and Fourier space imaging for the proper align-

ment of the components used, and for the characterization of the results obtained. It makes use of real-space 

imaging in a 2 𝑓 configuration, where a lens is placed at the middle point of the optical path between a CCD 

(charge-coupled device) camera and an imaging plane (a projection of the object), at a distance of 2 𝑓 from 

each. As for Fourier imaging, the distance between the object and the lens is trivial and depends only on the 

directionality of the emission, as long as the detector – in this case, another CCD camera – is placed at the BFP 

of the lens, although for simplicity, a 1 𝑓 configuration was used. A schematic of the configuration explained 

above is thereby presented on Figure 3, which resembles the lenses configuration that will be used on the setup.  



 4 

 
Figure 3 - Schematic of the lenses configuration used on the Fourier setup. 

1.2 Bulk heterojunction organic solar cells 

The world energy consumption has been increasing exponentially since the industrial revolution, in re-

sponse to modern living standards, that are leading to a continuous expansion of daily production and energy 

demand. However, the availability of primary exhaustible energy sources such as fossil fuels and uranium, and 

the long-term adverse effects on the environment due to their exploitation, reflects on the urgency to develop 

new strategies to effectively utilize other primary energy sources: the renewable ones [25]. Solar power has 

the potential to replace these exhaustible energy sources, although the majority of commercial solar cells is 

based on silicon (Si), and even though the production costs have dropped significantly over the past decades, 

the record efficiency has only increased by 24% to 26.7% in the last two decades [26].  

Organic solar cells (OSCs) based on bulk heterojunctions are promising candidates for renewable energy 

sources thanks to their advantages compared to inorganic solar cells, such as low-cost, lightweight, and me-

chanical flexibility [27]–[29]. In these devices, the active layer is made of a junction of a donor and acceptor 

material, whereas the donor is more electron rich (Figure 3). 

  
Figure 4 – Device architecture of a bulk heterojunction solar cell. A close-up of the blend (heterojunction) layer is depicted on the 

right. 

Upon absorption of light, an electron in this active layer is excited from the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), which will generate an electron-hole 

pair also known as exciton. To break up the exciton and create free charge-carriers, an electric field of energy 

greater than the binding energy of the electron-hole pair is required. The electric field present at the hetero-

junction interface allows for the dissociation of excitons into electrons and holes which can then be transported 

through the electron transport layer (ETL) and hole transport layer (HTL) to the electrodes at the top and 
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bottom sides of the device. The charge collection at the respective electrodes concludes the steps from absorp-

tion of light to generation of photocurrent.   

Significant progress has been made on OSCs processing, device configuration, and film morphology to 

achieve high power-conversion efficiencies (PCE). However, organic materials have several drawbacks that 

impact the overall performance of the cell, and thus, OSCs need to be improved to be competitive with current 

market technologies. As an example, one of the major drawbacks that organic materials face when used in 

solar cells, is the relatively low carrier mobilities and short exciton-diffusion lengths, of around 100 nm, which 

limits the light absorption and the energy conversion efficiencies [30], [31].  

Many efforts have been made to improve the PCE in OSCs by increasing the 𝐽𝑆𝐶 [32], [33], open circuit 

voltage [34]–[36], or extending the absorption spectrum [37]. Implementing light trapping mechanisms on 

these organic devices has attracted a lot of attention in recent years, as it can enable physically thin devices 

with high optical absorption [38]–[40]. Light absorption can then be improved by implementing a variety of 

nanostructures into the solar cell, such as nanoholes and nanoparticles arrays, nanorods, etc. Due to their na-

nometer size, these structures can interact with light in unique ways, thereby introducing plasmonic effects in 

the solar cell, such as surface plasmon resonances [41]–[43], guided modes [44], [45], etc. These plasmonic 

light trapping mechanisms get their name due to surface plasmons created on the interface between the metallic 

particles and the organic semiconductor around it, which enables the collective oscillation of the conduction 

electrons of the metal. Up to date, gold [46], [47] and silver [48]–[50] have been the most used and studied 

metals for this application, although to achieve the plasmonic effect in a photovoltaic device one must optimize 

their size [45], shape [44], and arrangement [51] since these particles can also induce optical losses (e.g.: 

parasitic absorption) that can outweigh the desired effects.  

Optical measurements of solar cells in literature are usually done under standard test conditions, i.e., 

1000 𝑊/𝑚2 irradiance at normal incidence, AM1.5 spectrum, and temperature of 25ºC [13]–[15]. These con-

ditions normally yield the highest PCE due to the fact that solar cells under different incident light angles attain 

more optical losses due to reflection at their surface. Although, for plasmonic solar cells, this might not be the 

case, as some plasmonic effects or internal reflections caused by the nanoparticles inside the device might have 

a different behavior under different incident light angles. In this thesis, bulk heterojunction organic solar cells 

with nanoparticles embedded in the active layer will have their 𝐽𝑆𝐶  studied for different incident illumination 

angles, through both simulated and experimental data, retrieved from different software and the Fourier setup 

previously described. 
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2  

MATERIALS AND METHODS 

The design of the studied solar cells is shown in this chapter. The working principle of the Fourier 

microscopy setup is presented, as well as a description of its alignment. The software used for simulations can 

also be found here.  

2.1 The samples design 

Four solar cells were studied during this thesis, both in simulations and experimentally – although, for 

the experimental work, the cells had previously been fabricated during a different project.  

Three of the solar cells have embedded metallic nanoparticles. Those devices have a conformal mor-

phology with a corrugation due to the particles. One other cell has no metallic nanoparticles, thus being a 

planar device, which serves as a reference sample. A schematic representation of the investigated reference 

solar cell device is depicted in Figure 5 (a). This solar cell consists of a 120 nm thick layer of indium tin oxide 

(ITO) as a transparent cathode on top of a glass substrate, an ETL layer made of zinc oxide (ZnO) with a 

thickness of 40 nm, an organic blend made of PDPP5T_IEICO-4F acting as the active layer with thickness of 

120 nm, an HTL layer made of 10 nm of molybdenum trioxide (MoO3), and a silver (Ag) layer with a thickness 

of 100 nm acting as the anode. The other three cells have a periodic array (square lattice) of cylindrical gold 

(Au) nanoparticles with on top of the ITO cathode, as depicted in Figure 5 (b). 

 

Figure 5 – Representative schematic of the (a) reference solar cell, and (b) the plasmonic solar cells studied in this thesis. Layers 

height and composition are depicted. The pitch size (distance between particles) is denoted with the letter “P”. 

 

The differences between these three cells are the size of the particles and the lattice constant (i.e. pitch 

size), as shown in Table 1. Throughout this report, the plasmonic devices – the cells with metallic nanoparticles 

– will be referred to by the size of their periodic array: P160 for the cell with a 160 nm lattice constant, P355 

for the cell with a 355 nm lattice constant, and P420 for the cell with a 420 nm lattice constant. 

 

 

 

 

 

(a) (b) 
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 Reference – 

“Pref” 

Sample 1 – 

“P160” 

Sample 2 – 

“P355” 

Sample 3 – 

“P420” 

Particle Diameter (nm) - 80 150 170 

Pitch size (nm) - 160 355 420 

Height (nm) - 30 30 30 

Cell Side (mm)  3 3 4 4 

Table 1 – Geometrical parameters of the solar cells. The "Cell Side (mm)" row refers to the size of the cells studied experimentally - 

although, this parameter is not relevant nor considered in the simulations. 

2.2 Simulations 

 Lumerical 

To describe the experimental results, optical simulations were firstly conducted employing a 3D Fi-

nite-Difference Time-Domain (FDTD) method, using the commercial software Lumerical, which solves Max-

well’s equations for arbitrary geometries and materials. Since the studied devices present a periodic structure,  

the simulation can be simplified to a single unit cell due to the periodic condition of the device. The FDTD 

region was then reduced to a square unit, having the nanoparticle in the middle of the simulation region. The 

size of this region corresponds to the distance between two nanoparticles in each device, i.e. the lattice con-

stant. On each side of the simulation, periodic boundary conditions were set to model the infinite periodicity 

of the structures. On the top and bottom sides, perfectly matched layers (PML) boundary conditions were used. 

A plane wave source was used to inject electromagnetic energy onto the device, to simulate the solar illumi-

nation that a real device will be exposed to. The angle at which this plane wave is injected can be stipulated, 

as well as the bandwidth - which had a defined value of 300-1100 nm for all the simulations.  

 COMSOL 

COMSOL is a simulation software based on numerical methods. Similar to Lumerical, it can be used 

for plasmonic applications where the device can be designed in the workflow, and different parameters and 

analyses can be performed. A major advantage between this software and Lumerical is that COMSOL is a 

frequency domain method, which finds solutions to a proposed problem one frequency at the time, which 

became an important matter for achieving trustworthy results, as it will be discussed in the next section. 

 MATLAB 

MATLAB is a programming platform that allows the computation, visualization, and programming of 

different devices. Since the simulations software previously described are time-consuming, the reference de-

vice without nanoparticles was designed and analyzed using MATLAB. For this analysis, a transfer matrix 

method (TMM) was applied. This method can be used to simulate different optical properties of the solar cells, 

by following the assumptions described by the Fresnel equations, adding the partial reflections and transmis-

sions of a stratified medium. This software was also used to replicate data obtained by Lumerical for the plas-

monic solar cells. 



 9 

2.3 Experiments 

In this subsection, a brief explanation of the Fourier microscopy setup and its alignment is given. Its 

calibration will later be discussed on the “Results and Discussion” chapter. 

 Working principle 

To measure the 𝐽𝑆𝐶 provided by the solar cells at different incident light angles, a Fourier microscopy 

setup was designed. Its name derives from the fact that it makes use of BFP of one objective lens, also called 

Fourier plane, to redirect its incident light into the cells under a defined angle.  

The following image (Figure 6) is a schematic of the Fourier setup built during this thesis, which 

includes the name of all its components, which will be broadly used throughout this report.  

 

 

Figure 6 - Full schematic of the Fourier microscopy setup used in this thesis. 

This setup makes use of two light paths: one uses a SuperK FIANIUM light laser which uses a tunable 

source - allowing the user to choose the desired light wavelength (400 to 1100 nm range) to be used in a 

specific measurement, as well as its intensity; the other light path uses a white lamp, which emits all wave-

lengths simultaneously (in the 400-1600 nm range). The first route (depicted in blue) is going to be used for 

measuring the current given by the sample at different illumination wavelengths, while the second route (de-

picted in green) is necessary to see the real space image of the sample in the CCD (1) camera to make sure that 

the sample is at the exact focal distance of the objective lens. Both light paths are guided through a set of 

mirrors and a beam splitter (BS 1) and are focused in the BFP of the objective by Lens 1, resulting in a colli-

mated illumination of the samples. Those samples are placed inside a holder which is named “EQE box” 

(Appendix 4). This sample holder is mounted to a 3D stage that can have its position manually controlled in 

all XYZ coordinates through millimetric screws. The EQE box has four coaxial pins (one for each cell – that 

connect to the cathode and anode) that can be connected to a coaxial cable that leads into a multimeter that 

measures the current produced by each sample. The light reflected back from the sample is collimated by Lens 

2 - which needs to be placed at the focal distance of the objective used – and it hits both CCD cameras through 

the use of another beam splitter (BS 2), and two lenses (Lens 3 and Lens 4) that focus the beam. Both cameras 

are connected to a computer, where the user is able to see the real space image of the sample, given by CCD 

(1), and the Fourier space, given by CCD (2). In order to excite the sample at different angles, Lens 1 can be 
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moved using electrical motors. Due to this movement the beam hits Lens 1 slightly off-center, resulting in a 

displacement of the focus point the back focal plane of the objective, which will then excite the sample with 

different angles [52](Figure 7). 

 
Figure 7 - Representation of how the beam position on the BFP of the objective changes the angle of illumination on the sample. 

This assumption can easily be proven visually by seeing the beam coming out of the objective being 

shifted when moving Lens 1. It can also be explained by mathematical methods, considering the optical prop-

erties of the objective used in the measurements. When the beam hits the center of the BFP of the objective, it 

does not get displaced and hits the cell at a 0º (normal incidence). When changing the position of the beam on 

the BFP, the incident angle on the cell changes accordingly. To understand this correlation, one must consider 

the numerical aperture (NA) of the objective lens used, which is indicated by the manufacturer, and defines 

the maximum angle of incidence when focusing light, as well as the maximum angle of light collection when 

detecting light. The NA can be calculated with the formula: 

 

 𝑁𝐴 = 𝑛 sin(𝜃𝑀𝐴𝑋), (5) 

 

where 𝑛 is the refractive index of the medium between the objective lens and the sample (𝑛 ≅ 1 for air), and 

𝜃𝑀𝐴𝑋 is half the angular aperture (or acceptance angle) of the objective lens. Considering that the pupil of the 

objective - which represents the maximum diameter of a parallel light beam which can enter the rear side of 

the objective, along the optical axis – has a radius 𝑌 of: 

 

 𝑌 = (𝑁𝐴)𝑓, (6) 

 

where 𝑓 is the focal length of the objective lens. Eq. 5 can then be written as:  

 

 𝑌 = 𝑓𝑛 sin(𝜃𝑀𝐴𝑋). (7) 

 

One can then use Eq. 7 to correlate the distance from the center of the pupil 𝑌𝑒𝑓𝑓, which coincides 

with the center of the BFP produced inside the objective, to the effective 𝜃𝑒𝑓𝑓 light angle leaving the objective 

and hitting the sample below it: 

 𝜃𝑒𝑓𝑓 = sin−1 (
𝑌𝑒𝑓𝑓

𝑓𝑛
). (8) 

 

The 𝑓 of an objective lens can be calculated through analytical methods, but those require a deep 

knowledge of every component inside the objective, so a simple method was used to make this correlation. As 

it will be explained further in the thesis, the maximum displacement of the beam in the BFP has a 2 mm size. 

Considering this as 𝑌, and using 𝜃𝑀𝐴𝑋 = 44.4º for an objective with an NA of 0.7, one can then assume that 

𝑓 = 2.9 𝑚𝑚, and a relation between 𝑌𝑒𝑓𝑓 and 𝜃𝑒𝑓𝑓 can be calculated. 
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Figure 8 - Relation between the displacement of the beam in the BFP to the illumination angle of the sample. 

An almost linear relation can be seen between the displacement of the beam in the BFP - correlated to 

the displacement of Lens 1 in the setup– and the angle of the light thereby hitting the sample below the objec-

tive (Figure 8).   

 Building and alignment of the Fourier microscopy setup 

To facilitate the placing of all the components, they are mounted in a breadboard table with self-

levelling active supports, which offers an ergonomic workstation optimized for most microscopy or photonics 

applications.  

Since the most important thing in any optical setup is the correct alignment of the light path within all 

the components, a reference height was defined using a pinhole screwed on a post that is mounted in a post 

holder. This master pinhole is important as it will be used to align all the components of the setup. 

The building and alignment of the setup were started on a table below the one where the setup sits - 

since this was the best solution found to correctly place Lens 2.1 It is important to make sure that this beam is 

spatially aligned throughout its path, and for that, the master pinhole is extensively used in different positions 

of the path to ensure that. This procedure will systematically be used to align any component of the setup.   

To align Lens 2 the objective was put into a vertical holder between Mirror 5 and Mirror 3. The light 

path in the bottom table was initiated using a 405 nm diode laser. The collimated light beam enters the pupil 

of the objective and is focused into its back focal plane; it then diverges until hitting Lens 2. If this lens is at 

its correct focal distance from the BFP, then the light coming out of it should be collimated, which can be 

easily checked by measuring the beam size over distance (Figure 9). The same procedure was done to align 

Lens 1. Mirror 5 and 3, and BS 1 (beam splitter with a 50/50 ratio) were aligned beforehand with the use of 

the master pinhole.  

 
Figure 9 - Schematic of the procedure to align Lens 2. 

After this, Lens 2 and the objective are removed from their respective mounts, and the CCD (2) camera 

is placed in the optical path after Lens 5. The laser beam hits this lens in a collimated way, and then it gets 

 

1 Photos of the setup can be found in the Appendix section (Appendix 1 and Appendix 2). 
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focused at one focal distance in the CCD camera. The CCD camera is connected to a computer, where the user 

can see in real-time the shape of the laser beam – when this shape has the smallest possible size, one can 

confirm the camera is at the right focal distance from Lens 5 (this takes into consideration the assumption that 

the incident beam is perfectly collimated), as seen in Figure 10.   

 

Figure 10 - Schematic of the procedure to align Lens 5. 

 Lens 2 is then added again to its mount, and Lens 3 is added between Lens 2 and Lens 5. What happens 

is that the collimated beam of the laser will hit Lens 2 and get focused at 1 𝑓 from this lens, and then diverge 

until hitting Lens 3. If Lens 3 is at 1 𝑓 from the intermediate focal point from the lenses, then the beam coming 

out of it will be collimated. The collimated beam will hit Lens 5, that will focus it on the CCD camera, whereas 

the smallest point should be seen, guaranteeing that Lens 3 is in the right position (Figure 11).  

 

Figure 11 - Schematic of the procedure to align Lens 3. 

 Having the position of Lens 3 fixed, one can then remove Lens 2 and Lens 5 from their respective 

mounters. The collimated beam will hit Lens 3 and be focused at 1 𝑓 from this lens, where the CCD camera is 

moved to, in order to achieve the smallest beam spot captured by this camera, guaranteeing that it is at the 

focal distance of this lens. The beam spot presented by the CCD (2) camera for the alignment of the lenses 

described above can be found in Appendix 3. 

After the components described above are aligned, the bottom path is no longer required, and Mirror 5 

and the 405 nm laser can be removed. To align the two light paths on the top table, two pinholes are put in the 

vertical arm where the objective usually sits. For the Fianium path (depicted in blue in Figure 6), Mirror 1 and 

Mirror 2 are placed making sure that the light makes a 90º shift when hitting each one. These mirrors have 

mechanical screws embedded in their mounts, which are used to ensure that the light passes exactly through 

the middle of the pinholes placed in the vertical arm. By doing this, one can ensure that the light path will hit 

the middle of the BFP of the objective when the latter is put into place. The same procedure is valid for the 

white lamp path, using Mirror 4 and Flip Mirror 1. If this is done correctly, the beam passing through Lens 1 

should be in the same optical path as the one reflected by it, which can be checked with a piece of paper at 

different positions of the path.  

When the collimated Fianium beam hits Lens 1, it will be focused at its focal distance in the BFP of the 

objective, which then hits the cell with a collimated beam and gets reflected back into the objective. The 

objective will diverge the beam until it reaches Lens 2, where it will get collimated again. According to the 

optical principles described in the Introduction section, since Lens 2 is at one focal distance from the Fourier 
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plane (BFP), it will collimate the light coming from this plane and it will produce a real plane image at one 

focal distance in the other direction, thus its representation with red dashed lines on Figure 6. By being placed 

at 1 𝑓 from this intermediate plane, Lens 3 will image the Fourier plane on CCD (2). To create a copy of the 

intermediate imaging plane on CCD (1), the most straightforward way is having a lens at 2 times its focal 

distance from the real image, whereas an inverse replication from this plane will appear at the same distance 

in the other side of the lens. To be able to see the real image of the sample, the BS 2 was put into place, as well 

as an extra CCD 1 camera with Lens 4 attached.  

When working with the setup one must always use safety eyeglasses. The measurements should always 

be done in the dark so that the ambient light does not impact the results. 
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3  

RESULTS AND DISCUSSION 

3.1 Setup calibration 

Due to the complexity and amount of optical components required, the setup needed a large space. 

Because of this, the path that the light travels, becomes considerably long (> 1 meter), and this might have 

implications on the results, since a small misalignment of the components on one corner of the setup will 

become a big misalignment at the other corner of the setup. To minimize the chances of this from happening, 

multiple steps were conducted to calibrate and characterize the Fourier microscopy setup before starting the 

measurements. 

 Grating calibration 

To calibrate the pixels of the CCD camera to the Fourier plane, a commercial 600 nm/groove grating 

was used. The grating was placed in the sample holder of the Fourier Setup which was manually moved into 

the right focal position of the objective using a 3D stage, and the diffraction orders of the grating can be seen 

in the Fourier plane, as presented by Figure 12. This in an implication of the Diffraction Grating equation (Eq. 

9) that is based on the Huygens-Fresnel principle which states that when light goes through an aperture, every 

point of the light wave within the aperture can be viewed as creating a circular wave that propagates outward 

from the aperture [53]. The same can be replicated with a grating whereas when a parallel beam of light is 

directed normally at the diffraction grating, light is diffracted by the grating in certain directions only, i.e., the 

diffracted light waves from adjacent slits reinforce each other in certain directions only (including the incident 

light direction) and cancel out in all other directions – those are the so-called diffraction orders.  

 

 𝑛𝑑𝜆 = 𝑑 sin(𝜃). (9) 

 

In this formula 𝑑 is the spacing between grooves, 𝑛𝑑 the order of diffraction, 𝜆 the light wavelength, 

and 𝜃 the correspondent angle.  
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Figure 12 - Diffraction orders produced by a 600 nm/groove grating - as seen on the Fourier camera - for an incident light wave-

length of (a) 𝜆 = 500 nm, and for (b) 𝜆 = 650 nm. 

Being able to see a clear image of the diffraction orders on the CCD camera for different wavelengths 

is a good indication that the setup is properly aligned, whereas moving any component slightly out of its place 

will produce a distortion in the image. The slight brightness around the diffraction orders might be representa-

tive of a very small misalignment of any component adding to some saturation produced by the camera. One 

can then change the wavelengths of the Fianium laser and use Eq. 9 to calculate how many diffraction orders 

should appear in the Fourier image. For instance, when using an objective with a NA of 0.7, which corresponds 

to a maximum angle of collection/emission of 44.4º, and using an incident light with 𝜆 = 500 nm, 2 diffraction 

orders should be produced (Figure 12 (a)). For 𝜆 = 650 nm, only one diffraction order should appear (Figure 

12 (b)). If the diffraction orders seen on the Fourier plane did not correspond to these calculations, there could 

be something wrong in the alignment, or the objective could be damaged (assuming that the grating is in good 

condition). 

 Mapping the Fourier space 

It is now known that the objective has a maximum angle of collection/emission of 44.4º, thus this 

angle corresponds to the maximum displacement of the beam on the Fourier image (allowed by moving Lens 

1) in relation to the center of the image. This distance corresponds to a 2 mm displacement of Lens 1 in all 

directions (Figure 13). If Lens 1 is moved more than 2 mm in one direction, the beam will disappear from the 

BFP as it hits the critical angle allowed by the objective. 

(b) (a) 
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Figure 13 - Beam displacement on the Fourier image in different directions allowed by the movement of Lens 1. The circle in blue 

denotes the BFP limits corresponding to a 2 mm displacement of the lens (when using a 0.7 NA objective). 

 Beam displacement on the samples 

Since the basic principle of the Fourier microscopy setup is to displace the beam on the BFP of the 

objective, which will then hit the cell at a certain angle, the displacement of this beam at different angles needs 

to be studied. If this displacement is too big, the beam might not hit the cell fully or partially.  

To understand the beam displacement over all angles, a 1951 USAF resolution test chart was used 

(Figure 14 (a)). The standard pattern of the chart consists of 9 groups, with each group consisting of 6 elements. 

Each element consists of three bars aligned horizontally and three vertically. The smallest set of bars of this 

target measures a total of 11 µm (2.19 µm each bar and 2.19 µm each spacing between bars).  When placed 

on the sample holder, an image of this target can be seen on the CCD camera (real space), and a direct pixel 

measurement can be made on top of it. As depicted on Figure 14 (b), the set of bars measuring 11 µm corre-

sponds to 94 pixels on the CCD camera. This measurement was done using the white light path as it would be 

harder to see the target clearly with the Fianium laser using single wavelengths. 

 

Figure 14 – (a) the 1951 USAF resolution test chart used for calibration; (b) the real image of this target given by the CCD camera. 

To measure the full displacement of the beam on the cell, the Fianium was used at an arbitrary wave-

length of 600 nm. Lens 1 was then displaced by 2 mm to one side - covering the whole range of angles defined 

by the NA of the objective. By measuring the pixels directly on the CCD camera (real space), it is then possible 

to conclude that the beam has a maximum displacement of 1432 pixels which corresponds to 168 microns, 

which is an extremely small displacement compared to the solar cell sizes (Table 1), thus making sure that the 

light beam will always hit the cells at every angle considered. 

To check for any colour aberrations that the setup could have, the beam displacement in the real space 

was studied for different incident angles, using the CCD (1) camera. In Figure 15 (a), one can see that there is 

no major difference in the displacement of the beam for different wavelengths. While performing these meas-

urements it became clear that the beam waist enlarges over different angles. This change in size is presented 

in Figure 15 (b). Since the beam has a circular waist, this measurement was done in one direction only (hori-

zontal), although for higher angles, the beam gets elongated and its size in the vertical direction should be 

(a) (b) 
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considered for future improvements on the calibration. It is possible to see that not only the beam waist in-

creases with angle, but it also increases with longer wavelengths. A possible explanation is given on the next 

sub-section. 

 
Figure 15 – (a) Beam displacement seen in the real space for different angles of incidence and wavelengths; (b) changes on the beam 

waist seen on the real space for different angles and wavelengths. 

 Laser intensity 

As was already described, the Fianium laser allows for a multitude of light wavelengths, ranging from 

300 to 1100 nm. Although it is also recommended by the manufacturer to use wavelengths longer than 450 nm 

for applications where a high accuracy is needed. Since the wavelengths corresponding to the peaks and dips 

of the simulated absorption plots of the solar cells are all above this value (Figure 20), this range had no impact 

on the experimental results of this thesis. To better analyze and describe the laser source of the Fourier Setup, 

Table 2 is presented with a list of all the light wavelengths used for the experimental results as well as their 

power, recorded with a power meter. The power of the laser does not represent the intensity of light - generated 

by the sun – as in a real-life application, although it serves as a reference for measurements. 

The laser power increases for longer wavelengths. This could explain why the beam waist also gets 

larger for longer wavelengths. 

 

Wavelength (nm) 450 500 550 596 600 614 617 628 650 

Power (mW) 0.263 0.738 1.241 1.451 1.453 1.541 1.583 1.592 1.663 

Table 2 - Power measurements of the Fianium laser for different wavelengths. 

 Correcting the focus of the laser 

To properly use the setup, the focus of the laser plays a big part in the overall results. For instance, if 

this focus is slightly off in one measurement, the beam spot in the Fourier camera will have a larger size than 

what is supposed to, diminishing the accuracy of the results. A proper way to know that the objective is cor-

rectly placed at its focal distance from the target is to see the real space image in the CCD camera. First, the 

solar cells are put into place in the EQE box, which is then mounted to 3D stage holder that has millimetric 

screws that enables the user to precisely move it in X, Y, and Z directions. The white lamp is used because the 

real image produced by it is clearer than by only using a single wavelength with the Fianium laser. Lens 1 is 

removed from its holder, ensuring that the light hitting the cell is focused. This lens is placed back after a 

correct focus is achieved. Then, the EQE holder is put into a place where the light hits the cell to be measured; 
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this can easily be done by eye. The holder is then slowly moved towards the objective (making sure it does not 

touch it, to not cause any damage), while watching the real space image provided by the CCD camera. At a 

considerable distance from the objective (i.e., > 5mm), the real space camera only shows a distorted image 

that represents the non-focused light reflected by the EQE box. Moving the sample closer to the objective, one 

can then see a more focused light and even some shapes and forms – this means that the focal distance from 

the objective to the glass of the EQE box was achieved, and some artifacts, mainly dust or scratches, are visible 

at this point as shown in Figure 16.  

 
Figure 16 - Dust particles seen on top of the glass of the EQE box. 

This is the first focal point (on the back side of the glass substrate). The samples to be measured are 

below this glass, so the sample holder should be moved further close to the objective until another focal point 

is achieved. This procedure should be checked every time before a measurement is done in order to assure that 

the focus is indeed on the sample. If the focus is correctly adjusted, the border of the cell with the contact 

surrounding it, as well as the borders of the contact with the empty surrounding media of the EQE box can 

clearly be seen, as presented by Figure 17 (a) and (b).  

 

 

Figure 17 - Real space image of the (a) border of the cell contact (light green) with the empty surrounding media (red); (b) border 

between the cell contact (light green) and the P355 cell (sage green). 

 Reference measurement 

The Fourier setup was designed to be able to measure the 𝐽𝑆𝐶 produced by a sample for different angles 

of incidence. It makes use of a homemade LabVIEW program which maps the current obtained with the mul-

timeter attached to the EQE box for every X and Y position that Lens 1 is moved to. To run the program, the 

starting and ending coordinates of the measurement need to be set, the multimeter needs to be connected to the 

coaxial pin of the solar cell, and the stepping of the movement in X and Y needs to be defined. The program 

then runs automatically, displacing Lens 1 in X and Y, thus shifting the angle that the light beam makes with 

the normal to the sample. The measurements were done for each individual cell, setting the wavelengths of 

illumination, as well as an arbitrarily beam power, on the computer program that controls the Fianium laser, 

(a) (b) 

15 µm 15 µm 

15 µm 
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while always making sure that the sample is placed in the focal distance of the objective. To ensure that the 

measurement covers all the angles allowed by the NA of the objective, those measurements were done by 

displacing Lens 1 5 mm to each side, with the starting position at X = 0 and Y = 0. The position X = 2.5 and 

Y = 2.5 will then be the central position of the BFP corresponding to the laser beam hitting the cell at 0º. As 

an example, since the BFP had a measure of 2 mm, the position Y = 2.5 and X = 4.5 will correspond to the 

edge of the BFP which indicates that the light beam is hitting the cell at θ = 44.4º. Since the displacement of 

the Lens can be in X and Y, the angle that the beam makes with the sample will also have two directions that 

will be denoted as θ and φ respectively, in similar correlation to the spherical coordinate system.  

A polarizer can also be added to the setup between Mirror 1 and Mirror 2 of Figure 6. To do a reference 

measurement on the setup, a polarizer at 0º was used, which can also be called an x-polarizer or horizontal 

polarizer. One can then denote a TE or TM excitation along the axis of the measured color plot. An incident 

plane wave has a wave vector component parallel (𝑘𝑦) and perpendicular (𝑘𝑧) to the substrate. The TE mode 

corresponds to when the lattice adds momentum along the parallel component of the incident wave vector, 

while for the TM mode the lattice momentum vector is perpendicular to the 𝑘𝑦 component of the incident 

wave. Following this assumption, if the incident beam is moved in the X direction it will excite TM mode 

along this direction, and if it is moved in the Y direction it will excite the TE mode [54]. 

For the reference measurement, the current of a commercial silicon photodiode was measured for 

different incidence angles (Figure 18). This was done using an arbitrary wavelength of 596 nm. 

 

Figure 18 - Colour map of the current produced by a silicon photodiode by displacing Lens 1. 

Since the displacement of Lens 1 to each side in X and Y (considering X = Y = 2.5 the central position) 

represent the same angles, a 2-fold rotational symmetry can be seen on these color plots. It is also possible to 

see that the diameter of the circular color maps is slightly bigger than the expected 4 mm (corresponding to 

the BFP size of the objective). An explanation for this might be that for an incident light angle higher than 

44.4º (e.g.: θ = 45º), there is still a residual intensity of the laser beam that still enters the objective, and this is 

due to the fact that the focused beam on the BFP is not a single point, as it can be seen on Figure 13. 

The size of the beam on the BFP can explain why there is a disparity in current at larger angles (i.e.: 

𝜃 > 40º, or φ > 40º), as it starts hitting the edge of the BFP of the objective (as seen on Figure 13) which can 

create some extra reflections inside the objective that hit the cell at different angles; thus those specific values 

of current should not be considered as accurate.  
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Using a single line of current values from Figure 18, the 𝐽𝑆𝐶 behavior of this silicon device for different 

angles of incidence is plotted on Figure 19 (a). Those values consider the relation between the current (𝐼) 

provided by the multimeter and the area of the incident beam (𝐴) at different incident angles (Figure 15 (b)), 

whereas 𝐽𝑆𝐶 = 𝐼/𝐴.  

Only an angular range from 0º to 40º is presented, since the values obtained for higher angles do not 

present the real behavior, as explained above. For comparison, a similar code of the TMM used in the simula-

tion of the planar solar cell was then modified to simulate the 𝐽𝑆𝐶 plot of the same silicon device, considering 

the same angles (Figure 19 (b)). This was done for both TE and TM modes, and unpolarized light. In the 

simulated plot, it is possible to see an increase in current when the TM mode is excited, from 0º to 44.4º; 

whereas on the other hand, the TE mode decreases in current for the angular range considered.  

 
Figure 19 - (a) 𝐽𝑆𝐶  measurements taken from the colour map, considering φ = 0, and θ = 0º to θ = 40º for the TE measurement; and θ 

= 0, and φ = 0º to φ = 40º for the TM measurement. The 𝐽𝑆𝐶 was calculated through the formula 𝐽𝑆𝐶 = 𝐼/𝐴, considering the area of 

the beam waist for different angles; (b) simulated  𝐽𝑆𝐶 for the same device, using a TMM. 

Comparing the simulated results with the experimental data, one can consider that the overall behavior 

of the angular dispersion is accurate, even though some noise is expected due to any small misalignment or 

dust present in any component of the setup. The difference in values between simulation and experimental 

results can be expected, as the simulations consider a perfect device. Since the area of the beam increases over 

different angles, this means that the 𝐽𝑆𝐶 will decrease faster than the simulated device, whereas a constant area 

was considered for all angles. Taking those things into consideration, this plot gives a fair degree of trust to 

the results given by the Fourier setup, indicating that it has a good alignment. It came as a late conclusion 

during this thesis that the unpolarized 𝐽𝑆𝐶 in Fig 19 (b) was not calculated correctly and should have a small 

increase for higher angles, although the results could not be replicated due to the loss of the original code of 

the simulation. Although, the TE and TM modes were well simulated, and those provide a fair degree of trust 

to the setup.  

3.2 Simulations for the solar cells 

Before making use of the setup to analyze the 𝐽𝑆𝐶  on the solar cells, computer simulations were made. 

From these simulations one can better understand what the behavior of the real solar cells under different 

angles of illumination should be. The first simulations shown in the section were done using Lumerical, alt-

hough due to technical limitations, COMSOL was later used. Additional simulations using MATLAB are also 

shown.  

(a) (b) 
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 Lumerical simulations 

To model the interaction of electromagnetic waves with nanostructures, the FDTD method can be used. 

For this numerical method, the space is divided into a grid, and a pulse (with the desired wavelengths) of 

electromagnetic radiation is introduced. The electric fields can then be recorded, and the transmission and 

reflection characteristics, as well as the near fields can be calculated.  

As described earlier, Lumerical was firstly used to simulate the solar cells with metallic nanoparticles. 

The simulations used PML boundary conditions. These boundary conditions make use of a single element cell 

of a periodic structure that is illuminated with a plane wave source propagating at a certain input angle.  Re-

garding the simulations, the absorbed power per unit volume can be calculated from the simulated electric 

field distribution, which is calculated with the formula:  

 

 𝑃𝑎𝑏𝑠(𝑥, 𝑦, 𝑧, 𝜔) =  
1

2
𝜀0𝜔|𝐸(𝑥, 𝑦, 𝑧, 𝜔)|2𝜀′′(𝜔), (10) 

 

where 𝐸(𝑥, 𝑦, 𝑧, 𝜔) is the electric field at coordinates 𝑥, 𝑦, 𝑧 and at the angular frequency 𝜔, 𝜀′′  is the imagi-

nary component of the permittivity of the material at the same coordinates and 𝜀0 is the vacuum permittivity. 

The absorptance of the organic blend in the solar cell can be calculated as:  

 

 𝐴(𝜔) =  
1

𝑃𝑠𝑜𝑢𝑟𝑐𝑒
∭ 𝑃𝑎𝑏𝑠(𝑥, 𝑦, 𝑧, 𝜔)𝑑𝑥𝑑𝑦𝑑𝑧,

𝑉
 (11) 

 

where 𝑃𝑠𝑜𝑢𝑟𝑐𝑒 is the power of the incident wave and 𝑉 is the volume occupied by the blend (Figure 5). By 

assuming an internal conversion efficiency of the organic blend of 100%, i.e, the number of generated electron-

hole pairs is equal to the number of absorbed photons, the 𝐽𝑆𝐶 of the solar cell can be determined as 

 

 𝐽𝑆𝐶 =
𝑒

ℏ𝑆
∫

𝐴(𝜔)𝑆𝐴𝑀1.5

𝜔
𝑑𝜔,

𝜔2

𝜔1
 (12) 

 

where 𝑒 is the electron charge, ℏ is Planck’s constant, 𝑆 is the surface area of the device and the 𝑆𝐴𝑀1.5 is the 

AM 1.5 solar spectrum of the organic blend. The 𝐽𝑆𝐶 value obtained may be assumed as the maximum current 

value that the solar cells will produce, considering ideal electrical behavior in the electron-hole generation 

process. The integral limits are defined by the absorption spectrum of the organic blend corresponding to 

wavelengths in the range of 300 to 1100 nm.  

Figure 20 shows the normalized absorption spectra of the blend of the four cells studied, for normal 

light incidence. It is possible to see that in these cells, the metallic nanoparticles deteriorated the blend absorp-

tion. The electric fields shown in the sub-section 3.2.3 aim to better understand the peaks and dips in these 

absorption spectra. 
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     Figure 20 - Blend absorptance spectra for the four solar cells. 

To understand the effect of the angle of incidence, simulations were firstly done for the P160 solar cell, 

where the 𝐽𝑆𝐶 was calculated for different angles using a TM (transverse magnetic mode) polarized light 

source, for 300 to 1100 nm – which covers the spectrum of visible light and near infra-red. From these simu-

lations, an increase in the 𝐽𝑆𝐶 of the device is noticeable for 𝜃 = 25º and 𝜃 = 30º, having then a strong decrease 

for higher angles, as seen in Figure 21. The abrupt decrease for higher angles is unusual comparing to lower 

angles and a further study is needed to verify these results. 

 

     
Figure 21 - 𝐽𝑆𝐶 of the P160 solar cell for different angles of incidence. 

Since the 𝐽𝑆𝐶 is correlated with the absorption of the light by the device, a study of the absorption of 

the blend as a function of wavelength for different angles was conducted, as shown in Figure 22 (a). In this 

figure, for certain wavelengths (e.g., 695 nm) there is a small increase of the absorption of the blend, whereas 

for other wavelengths (e.g., 595 nm) there is a decrease. For longer wavelengths, a slight blue-shift (a spectral 

shift towards shorter wavelengths) in the absorption curve is also noticeable. On the other hand, a slight redshift 

is noticeable at wavelengths around 1000 nm, although the absorption of the blend is low at these wavelengths. 
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Figure 22 - Blend absorptance simulations for a 300 - 1100 nm wavelengths range for (a) 0, 10, 20 and 25 degrees on of Incident 

light, and for (b) 0, 30, 35 and 40 degrees. 

Even though Lumerical is a common option to simulate plasmonic devices, after running multiple 

simulations it became clear that something was not working properly. This observation came after seeing the 

plots of the absorption spectrum for incident angles larger than 𝜃 = 25º for the P160 cell, as shown in Figure 

22 (b). Even though for angles equal and lower than 25º the absorption plot seems to have a normal behavior, 

this clearly does not happen when doing the simulation for larger angles. In those plots, a strong peak in the 

absorption of the blend is observed at longer wavelength, i.e., longer than 730 nm, and then, at a certain wave-

length, the absorption decreases abruptly to zero.  

To further understand this issue and try to solve it, a reflectance monitor was added to every simula-

tion, to see if those strange results also happened in the reflection produced by the cell. Different parameters 

were also changed in Lumerical hoping to optimize the simulation and thus have better accuracy: the simula-

tion time, the auto shut-off limit, the mesh accuracy, and the number of layers associated with the boundary 

conditions. The absorption spectrum remained the same, while the reflectance observed in the new simulations 

resulted in Figure 23.  

 
Figure 23 - Total reflectance produced by the cell for an incident plane wave at different angles. 

The reflectance of the full device confirms that the simulation was not trustworthy, as it presents a 

very unstable behavior over all the wavelengths studied, and so, the first assumption that the 𝐽𝑆𝐶 was higher at 

(a) (b) 
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certain angles could not be confirmed. This issue could then be related to the fact that Lumerical works at a 

constant in-plane wave vector (𝑘𝑖𝑛−𝑝𝑙𝑎𝑛𝑒) and not at a constant angle 𝜃. This wavevector represents the direc-

tion of propagation of a wave. For instance, for a simulation running from 400 nm to 1000 nm wavelengths, 

with an incident plane wave of 𝜃 = 60º, Lumerical will use the central wavelength, i.e.: 700 nm, to first calcu-

late the total wavevector (𝑘𝑡𝑜𝑡𝑎𝑙) of the incoming light, using the formula:  

 

 𝑘𝑡𝑜𝑡𝑎𝑙 =
2𝜋

𝜆
= 8.97 𝜇𝑚−1 (13) 

 

It will then calculate the in-plane component of this wave vector by multiplying it with sin(𝜃) 

 

 𝑘𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 = 𝑘𝑡𝑜𝑡𝑎𝑙 ∙ sin(𝜃) = 7.77 𝜇𝑚−1 (14) 

 

Lumerical will use this 𝑘𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 for all wavelengths considered on the simulation – which means that 

for each wavelength, the incident light angle 𝜃 will be different. This becomes a problem for certain wave-

lengths. Considering 𝜆 = 900 nm, 𝑘𝑡𝑜𝑡𝑎𝑙 has a value of 6.98 𝜇𝑚−1; then, using the formula described above 

(Eq. 14), the corresponding value of 𝜃 is calculated: 

 

 sin(𝜃) =
𝑘𝑖𝑛−𝑝𝑙𝑎𝑛𝑒

𝑘𝑡𝑜𝑡𝑎𝑙
,  𝜃 = sin−1 (

𝑘𝑖𝑛−𝑝𝑙𝑎𝑛𝑒

𝑘𝑡𝑜𝑡𝑎𝑙
) =

7.77

6.98
 (15) 

 

This calculation has no real solution, as the inverse function of 𝑠𝑖𝑛 needs to have a value inferior to 1; 

therefore, it does not correspond to a real simulation condition. 

 COMSOL simulations 

The simulations were then done in COMSOL, which is a frequency domain method as opposed to 

Lumerical (a time-domain method).  The absorption spectra for different wavelengths was only simulated for 

the P160 cell – shown in Figure 24 (a) - as this was a very time consuming type of simulation. The blend 

absorption for different angles of incidence was also calculated the three solar cells with nanoparticles (Figure 

24 (b)). 
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Figure 24 - (a) Blend absorption spectra for the P160 cell under different angles of incidence; (b) blend absorption spectra for differ-

ent angles of incidence, for the plasmonic solar cells. 

From those simulations one can see a decrease of the overall absorption of every cell, for every angle 

considered. Therefore, the 𝐽𝑆𝐶 will have this same behavior, according to Eq. 12. From Figure 24 (a), one can 

also denote that for the vast majority of wavelengths and angles, the introduction of the nanoparticles does not 

create a higher absorption in the cell. It comes as conclusion that any plasmonic effect created by the metallic 

particles on those cells does not have an angle dependency factor. The fact that the blend absorptance for the 

P160 cell in Figure 24 (b) has a small decrease over angle comes from the fact that this simulation was only 

done for a single wavelength, i.e.: 645 nm. 

 Electric Fields 

Additional simulations for normal incidence were run on MATLAB using a homemade script, pro-

vided by PSN group member Ping Bai. In here, the spatial distribution of the normalized electric field intensity 

|𝐸|2 is calculated on the xz-plane, as a function of frequency 𝑓𝜆 , and x,y,z positions, through the formula:  

 

 𝐸(𝑧, 𝑓) = ∬ |𝐸𝑥(𝑥, 𝑦, 𝑧, 𝑓)|2 + |𝐸𝑦(𝑥, 𝑦, 𝑧, 𝑓)|2 + |𝐸𝑧(𝑥, 𝑦, 𝑧, 𝑓)|2𝑑𝑥𝑑𝑦, (16) 

where 𝑓𝜆 =
1

𝜆
.  

Those simulations can help understand the absorption spectra of the solar cells; thereby, the simula-

tions were made for a few wavelengths representing peaks and dips on the absorption spectra. Only one wave-

length for each cell is here presented, which will also be studied later in the Fourier setup: 𝜆 = 596 nm for 

P160;  𝜆 = 617 nm for P355; 𝜆 = 628 nm for P420. 

(a) (b) 
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Figure 25 - Spatial distribution of the normalized electric field intensity for different cells and wavelengths: (a) and (b) correspond to 

the P160 at 𝜆 =  596 𝑛𝑚, for 𝑦 = 0 (field with the particle on the middle of the simulation) and for 𝑦 = 𝑃/2 (field in-between parti-

cles) respectively; (c) and (d) correspond to the P355 at  𝜆 =  617 𝑛𝑚, for 𝑦 = 0 and for 𝑦 = 𝑃/2; (e) and (f) correspond to the 

P420 at  𝜆 =  628 𝑛𝑚, for 𝑦 = 0 and for 𝑦 = 𝑃/2. 

At 𝜆 = 596 nm in P160 and 𝜆 = 617nm in P355 there is a peak in the absorption spectra (Figure 2020), 

and the electric fields confirm that there is a high absorption in the solar cells blend (Figure 25 (b) and (d)). 

This could be reminiscent of a waveguide resonance plasmonic effect, which usually happens in a layer sand-

wiched by two others with lower refractive index. This resonance happens when an incoming light wave is 

diffracted into multiple modes when it hits a periodic grating, and some of these modes can stay trapped in the 

surrounding of the grating thus creating a waveguide resonance. Since the first two examples happen in the 

absorber layer of the device, understanding if these plasmonic device have an incident light angle dependency 

is important. A similar thing happens at 𝜆 = 628 nm for P420 (Figure 25 (f)), although in this case the wave-

guide resonance happens below the grating, in the ITO layer, which causes a dip in absorption contrarily to 

the other two examples considered.  

 Characterization of the reference solar cell 

Additional simulations were conducted using a Transfer Matrix Method (TMM) for the reference solar 

cell, while the COMSOL simulations were running for the solar cells with nanoparticles. The TMM describes 

the coherent passage of light through thin film layer stacks using 2 by 2 matrices. These are multipliable with 

each other and can then be used to calculate electric fields of light traveling inside the layered stack. The TMM 

is based on the Fresnel equations, although those could only explain the reflection of light from a single inter-

face between two media and do not take into consideration the transmission and partial reflection created in a 

system with multiple interfaces, as it happens in thin film solar cells. This method takes into consideration the 

(a) (b) 
(c) (d) 

(e) (f) 
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refractive index, extinction coefficient, and thickness of every layer in the device, as well as the angle of 

incidence. Its calculation was done using the programming software MATLAB, and the complete code can be 

found in the Appendices section.  

The color maps obtained, presented in Figure 26, represent the absorption spectrum for different wave-

lengths as a function of the incident light angle, and were done for both TE and TM light polarization. Since 

this is a planar device that does not have any type of nanostructures to interact with the light in the absorber 

layer, nor does it have any type of antireflection-coating, some reflection is expected. This event gets more 

intense at larger angles, where the reflection (as explained by Fresnel equation) of the device becomes larger 

than the absorbed light. This happens for both TE and TM in a similar way.  

 

 
Figure 26 - TMM simulations for absorption of the planar solar cell, for (a) TE polarization and (b) TM polarization. 

3.3 Solar cell measurements performed on the Fourier setup 

The 𝐽𝑆𝐶 of the cells under different incident angles was studied using the Fourier setup. These meas-

urements were done for each individual cell for the wavelengths that represent the peaks and dips of the ab-

sorption plots seen on Figure 20. Those peaks and dips are a clear indication of changes caused by the nano-

particles on the cell, thus they could have an increase in 𝐽𝑆𝐶 for certain angles, even though the absorption plots 

simulated with COMSOL do not indicate this. The colour plots thereby presented on Figure 27 follow the 

same methodology explained on sub-section 3.1.6, where a similar measurement was done for a silicon pho-

todiode.  

(a) (b) 
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Figure 27 - Colour map of the current given by the samples in correlation to the displacement of Lens 1, presented for the four solar 

cells: (a) Pref, using 𝜆 =596 nm using a laser power of 0.5804 mW; (b) P160, using 𝜆 = 596 nm and 1.451 mW laser power; (c) 

P355, using 𝜆 = 617and 1.583 mW laser power; and (d) P420, using 𝜆 = 628 nm and 1.592 mW laser power. 

A fourfold symmetry is expected to be seen on the colour plots, due to the symmetrical displacement of 

Lens 1 along X and Y axis. Although it is not exactly what is seen, the result does not differ much from that. 

Some noise is to be expected from small misalignments or even dust or scratches somewhere in the components 

of the optical path. The region of high current present in all measurements at X = 2.6 and Y = 0.7 could be an 

example of that possibility.   

To analyze how the 𝐽𝑆𝐶 behaves for different angles of incidence and to compare it for all the samples, 

Figure 28 shows these values only for a straight line of φ = 0º, and θ = 0º to 44.4º. 

(a) (b) 

(c) (d) 
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Figure 28 - 𝐽𝑆𝐶 measurements taken from a single straight line from the cells current colour map (φ = 0º, and θ = 0º to 44.4º), 

whereas: (a) Pref, using 𝜆 =596 nm using a laser power of 0.5804 mW; (b) P160, using 𝜆 = 596 nm and 1.451 mW laser power; (c) 

P355, using 𝜆 = 617 and 1.583 mW laser power; and (d) P420, using 𝜆 = 628 nm and 1.592 mW laser power. 

Analyzing these measurements, one can see an overall decrease in the 𝐽𝑆𝐶 with angle of incidence, 

which matches with the COMSOL simulations (Figure 24 (b)).  

In the 𝐽𝑆𝐶 plots obtained from the color plots (apart from the reference cell) a slight increase in the 

current values happens for small angles. This consistent behavior for different solar cells could indicate that 

something was not correctly working. A possible explanation is that the cell was being bleached by the laser 

prior to the measurement – since, for the alignment of the setup and starting of the computer program that 

controls Fianium, the laser is hitting the same position of the cell (at 0º) for some time. This bleaching could 

then decrease the properties of the cell in this starting position and then an increase in 𝐽𝑆𝐶 is seen, as the laser 

moves through the cell for higher angles. It could also happen that there are parasitic reflections from a scratch 

in any of the optical components of the setup entering the objecting, and thus hitting the cell, for certain angles. 

Apart from that, the increase in current at higher angles is due to the beam hitting the edge of the BFP as 

explained in sub-section 3.1.6.  

The planar solar cell plays a major role when analyzing the results, since it is considered the reference 

cell (Figure 28 (a)). In this device, the overall 𝐽𝑆𝐶 decreases as the angle of incidence increases, as it is expected 

according to the Fresnel equations. A peak in current is noticeable at 20º, although, comparing this to the 

simulated absorption plots from the TMM, as shown in Figure 26 (a), this is not expected.  

The previous results suggest that the solar cells were not behaving properly. It is a known fact that 

degradation is a big issue with organic materials in solar cells. Degradation can occur in various ways, e.g., 

(a) (b) 

(c) (d) 
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exposure to oxygen, humidity, temperature, atmospheric pressure, and long exposures to light. The solar cells 

in here described were already fabricated a year prior to the start of this thesis and were used in a different 

project, and by the time they were tested in the Fourier microscopy setup they had already been subjected to 

multiple degradation factors that might have impacted its functionality. Apart from that, the laser used to make 

measurements on the cells could have been degrading them. A combination of the reasons mentioned above 

could cause a non-homogenous surface that will therefore present different 𝐽𝑆𝐶 values at different parts of the 

cell. 

To understand if the degradation of the cells was affecting the results, the P420 cell was subjected to 

a test of current decay over time. Here, the Fianium laser was set to shine a 𝜆 = 596 nm light beam for 10 

minutes at the same position on the cell for normal incidence. The results (Figure 29 (a)) show a decrease in 

current over time with values that have the same order of magnitude as the 𝐽𝑆𝐶 plot for the same cell, proving 

that the cell was prone to degradation throughout the measurements done, even for short periods of time. 

To better understand the degradation issues of the cell and its probable lack of homogeneity throughout 

its surface, another study was made (Figure 2929 (b)). The current provided by the multimeter for the P420 

cell was recorded by displacing the sample holder in steps of 14 microns in time steps of 10 seconds (this was 

done by making a direct measure on the real-time image provided by the real space camera), maintaining the 

incident light on the cell at normal incidence. A change in the current measurements at different positions of 

the cell is noticeable, which indicates that the cells are not homogenous. 

 

Figure 29 - (a) Current decay over time at normal incidence for the P420 cell; (b) current changes at normal incidence at different 

positions on the cell.  
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4  

CONCLUSION AND FUTURE PERSPECTIVES  

In this work, a Fourier microscope was developed. This setup makes use of the properties of convex 

lenses to focus an incident light beam on different positions of the back focal plane of an objective lens. This 

allows the light coming out of the objective to be shifted at a certain range of degrees correlated to the numer-

ical aperture of the objective used. These principles were first introduced and then, the alignment of the setup 

was described. This alignment, although being simple in paper, is an extensive process of trial and error, as it 

is for any optical setup. It required a lot of time and attention during the period of this thesis, and different 

components and configurations were considered until having the best possible alignment.  

The setup was used to direct light onto plasmonic solar cells at different (and controllable) incident 

angles. Simulations of how this change in incident light angle affects the short-circuit current of the cells were 

done previously to the setup measurements via different simulations software. COMSOL and MATLAB 

proved to be the most reliable software to do this type of analysis. From those simulations it was foreseen that 

absorption decreased by increasing the incident light angle (therefore also decreasing the short-circuit current), 

and thus the initial assumption that the metallic nanoparticles could reverse this decrease at certain wavelengths 

was discredited. To compare to these results, measurements of the short circuit current of those cells were done 

using the Fourier microscopy setup. An overall decrease in the short circuit current of those cells was observed 

for higher angles, however those measurements could not be fully conclusive since it was later proven that the 

cell had a lack of homogeneity possibly due to degradation factors.  

Due to the large number of components required, the setup ended up needing a lot of space – which 

ultimately adds difficulty on the task of aligning all the components. Therefore, an important consideration to 

take into account at improving this setup is to limit the amount of space that all the components require – and 

thus, decrease the path that the light beam needs to travel – to a minimal size.  To do this, the best option is to 

have the lenses of the setup have a smaller focal distance. Another partial solution to improve the setup could 

be the use of plate or pellicle beam splitters that require less space than the cubic ones used. One could also 

argue to remove some mirrors for this purpose; although, these mirrors play a big difference on the alignment 

of the setup since they control the angular and translational displacement of the beam. The use of two mirrors 

to guide a light beam is a standard procedure in the alignment of optical setups, whereas the first mirror is used 

to get close to the desired alignment and the second is used to fine tune the alignment on the target. The 

objective choice should also be considered since it has also been reported in literature that objectives with high 

numerical aperture and low magnification are the best option for Fourier microscopy, as they grant higher 

accuracy results [55].  

This dissertation was conducted on the Photonics and Semiconductor Nanophysics (PSN) group at the 

Technical University of Eindhoven (TU/e). The author also contributed to a soon-to-be published article on 

the Journal of Applied Physics entitled “Evolutionary Optimization of the Short-Circuit Current Enhancement 

in Organic Solar Cells by Nanostructured Electrodes”, although not entirely related to the work hereby pre-

sented. 
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APPENDIX 

 

A photograph of the Fourier setup is shown in Appendix 1, where all the components are denoted. The 

objective and sample cannot be seen from this perspective, although they are connected to the vertical arm, 

below Mirror 3. 

 

 

Appendix 1 - Top view of the Fourier microscopy setup built during this thesis. 

The bottom table where the vertical arm sits can be seen in Appendix 2, whereas two pinholes are 

mounted in the vertical arm (seen above Mirror 5). To do measurements with the setup, those two pinholes 

used for alignment are removed, and an objective and sample holder can be mounted on that same position. In 

this figure, one can see the Mirror 5 and 405 nm laser, which were used for the alignment of the setup.  
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Appendix 2 - Bottom table of the Fourier microscope setup, which was used for the alignment of its components. 

On chapter 2.3.2 the alignment of the lenses of the setup was explained, whereas seeing the smallest 

beam point/size on the CCD cameras meant that the respective lens in front of it was at exactly one focal 

distance from it. Appendix 3 (a) shows the shape of that spot on the CCD (2) camera while aligning Lens 5, 

and Appendix 3 (b) represents the same for the alignment of Lens 3. Appendix 3 (c) represents the beam spot 

seen on the CCD (2) camera, after having Lens 2 and Lens 3 aligned and in place.  
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Appendix 3 - Laser shape seen on the CCD 2 camera when aligning the position of (a) Lens 5 and (b) Lens 3. Figure (c) shows the 

laser spot after aligning both Lens and moving the CCD camera to the focal position of Lens 3. 

 

The EQE box where the solar cells were placed and measured on the Fourier setup can be seen in 

Appendix 4. 

 
Appendix 4 - EQE box view from the front side (left) and back side (right). 

 

 

 

 

 

 

 

 

 

(a) (b) (c) 



42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

 



 

 

 

D
io

g
o

 C
a

s
ta

n
h
e

ir
a

 
F

o
u

ri
e

r 
m

ic
ro

s
c
o

p
y
 f
o

r 
th

e
 c

h
a
ra

c
te

ri
z
a
ti
o

n
 o

f 
p

la
s
m

o
n

ic
 s

o
la

r 
c
e

lls
 

2022 


