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Abstract

Thin film photovoltaics encompass a group of technologies able to harvest
light within a few microns thickness. The reduced thickness allows a low cost of
manufacture while making the films flexible and adaptable to different surfaces.
This, combined with their low weight, positioned thin film solar cells as ideal
candidates for building integrated photovoltaics. For the latter, organic solar
cells (OSC) can provide a high quality semi-transparency that closely mimics the

aesthetics of standard windows.

Indeed, some unique features of organic solar cells make them the optimal
solution for applications where standard Si technology cannot be used. How-
ever, for large-scale electricity production where efficiency is, perhaps, the most
determining factor, newer thin film technologies like perovskites solar cells may
be a more adequate option. At the moment of writing this thesis, state of the
art efficiencies of single junction perovskites nearly double that of the best single
junction organic solar cell. A limitation found in both technologies, especially in
organics and to a lesser degree in perovskites, is the low mobility of the carriers.
This, together with other processing shortcomings in the organic absorbers and
perovskites limit their thickness to 100-130 nm, and 500-600 nm, respectively. In
summary, light management must be an essential ingredient when designing de-
vice architectures to achieve the optimal performance in the specific application

being considered.

In this thesis, in order to achieve an optimal light harvesting and therefore
increase the performance of thin film solar cells, we take two approaches. On one

hand, we increase the total thickness of the absorber material used in the device



without increasing the thickness of the single active material layer and, on the
other hand, we combine complementary absorbers to cover a wider portion of the
solar spectra. These approaches pose the double challenge of finding the opti-
mal electromagnetic field distribution within a complicated multilayer structure
containing two or more active layers, while at the same time implementing an
effective charge collection or recombination in the intermediate layers connecting
two adjacent sub-cells. In the case of OSC, we consider multi-junction cells where
the same active material is used in all the junctions. This can be implemented
by fabricating structures where the active layer thickness in each sub-cell does
not exceed the 100 nm. For other types of thin film solar cells, we consider con-
figurations using complementary absorbers. In both cases, but particularly in
the former one, a systematic approach to optimize light absorption is needed. In
order to obtain such optimal configurations, we implement an inverse integration
approach combined with a transfer matrix calculation of the electric field. Fur-
thermore, we develop several new approaches to optimize charge collection in the
sub-cell interconnection layers which we apply to tandem, triple, 4-terminal and

series-parallel configurations.

The thesis has been organized into five chapters. Chapter 1 introduces con-
cepts required for the development of the thesis work including the optical model.
Chapter 2 describes the optical optimization and experimental implementation
of current-matched multi-junction devices using PTB7:PC7;BM, including appli-
cations. In order to profit from the advantage of electrically separated devices,
Chapter 3 evaluates different types of 4-terminal architectures using
PTB7:PC71BM and PTB7-Th:PC71BM. In one of the architectures we estab-
lish a serial-connection between sub-cells while in other we leave the sub-cells
completely independent. Chapter 4 theoretically proposes a novel monolithic

architecture combining perovskites and CIGS which does not require current-



matching. Finally, in Chapter 5, an in-depth study of the semi-transparent inner

electrodes is given that include vacuum-based and solution-processed layers.






Resumen

La fotovoltaica de capa delgada engloba un grupo de tecnologias capaces de
capturar la luz en tan sélo unos pocos nanémetros de espesor. Su bajo costo
de manufactura, flexibilidad y bajo peso, hace a las capas delgadas candidatas
ideales para la integracién en edificios. En particular, las celdas organicas pueden
proveer una transparencia de alta calidad similar a las ventanas convencionales
irrealizable con tecnologias basadas en Silicio. Sin embargo, para la produccién
de electricidad a gran escala en donde la eficiencia es, tal vez, el factor deter-
minante, existen nuevas tecnologias como las celdas solares de perovskita que
pueden resultar mas adecuadas. Al momento de escribir esta tesis, las eficiencias
de celdas de perovskita de simple unién casi duplican la de las mejores celdas
organicas de simple uniéon. Una limitante de ambas tecnologias, en especial de
las celdas orgéanicas y en menor medida de las perovskitas, es la baja mobilidad
de las cargas. Esta, junto a otras desventajas de los absorbentes organicos y
perovskitas limita su espesor al rango de los 100 a los 130 nm, y entre los 500
a 600 nm, respectivamente. En resumen, el manejo de la luz debe constituir
un ingrediente esencial para el disenio de los dispositivos, tal que se consiga un

desempeno 6ptimo en la aplicacién para la cual sean considerados.

En esta tesis, con el fin de alcanzar un aprovechamiento éptimo de la luz
y por ende aumentar el desempeno de las celdas solares de capa delgada, uti-
lizamos dos enfoques. Por un lado, aumentamos el espesor total de material
absorbente dentro del dispositivo sin incrementar el espesor de las capas acti-
vas individuales y por otro lado, combinamos absorbentes complementarios para
cubrir una porcién mas amplia del espectro solar. Estos enfoques conllevan al

doble reto de encontrar la distribucién de campo electromagnético 6ptima dentro



de una estructura compleja de multicapas con dos o maés capas activas, junto
a la implementacién de una recolecciéon o recombinacién de cargas efectiva por
parte de las capas intermedias encargadas de conectar dos subceldas adyacentes.
En el caso de las celdas orgéanicas, consideramos celdas de multiuniéon usando
el mismo material activo para todas las subceldas. Para implementarlas, se
realizan estructuras cuyas capas activas no excedan los 100 nm. También es-
tudiamos configuraciones donde los materiales tienen absorciones complemen-
tarias usando perovskitas. En ambos casos, sobretodo en el primero, se re-
quiere un método sistematico para optimizar el aprovechamiento de la luz. Para
obtener las configuraciones éptimas empleamos una estrategia de integracién in-
versa junto con un calculo del campo eléctrico basado en el modelo de matriz de
transferencia. Ademads, desarrollamos nuevas estrategias para optimizar la
coleccién de cargas en las capas de interconexién de las subceldas aplicables a

dispositivos tipo tandem, triple, 4-terminales y serie-paralelo.

Esta tesis ha sido organizada en cinco capitulos. El primero introduce los con-
ceptos necesarios para el desarrollo de este trabajo de tesis incluyendo el modelo
optico. El capitulo 2 describe la optimizacion optica e implementacién experi-
mental de arquitecturas de multiunién que cumplen el criterio de igualacién de
corrientes usando PTB7:PC71BM, incluyendo aplicaciones. Para aprovechar las
ventajas de subceldas intrinsicamente desconectadas, en el capitulo 3 se evalian
diferentes tipos de celdas de 4 terminales usando PTB7:PC;1BM vy
PTB7-Th:PC71BM. En una de estas arquitecturas, las subceldas se conectan
externamente en serie mientras que en otra las subceldas se dejan completamente
independientes. El capitulo 4 propone teoréticamente una arquitectura nueva y
monolitica, combinando celdas de perovskita y CIGS, y que no requiere igualacién
de corrientes. Finalmente, en el capitulo 5 se presenta un estudio detallado de
electrodos semi-transparentes que incluye opciones basadas en métodos de vacio

y a través de capas fabricadas por disoluciones.
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Chapter 1

Introduction

For many centuries, the levels of atmospheric carbon dioxide in earth have varied
between the 180 ppm and 280 ppm. From 1950, this trend has changed to a steep
incline reaching the current level of 400 ppm [1]. This represents an increase of
40% compared to pre-industrial levels. Based on this fact, and all the collected
scientific evidence, most of the climate scientists agree that climate warming over

the last century is caused very likely by human activities [2].

Among the effects of human-induced climate change, there are increases in
ocean and freshwater temperatures, frost-free days and heavy downpours. Addi-
tionally, the global sea level has risen while there have been reductions in snow-
covered areas and sea ice [3]. If the warming trend continues, it is likely that
major changes in the ecosystems will occur, including extinction of some species
or relocation of others. The increase in sea levels could lead to intrusion into
freshwater aquifers, thus threatening sources of drinking water and the growing
of crops. In addition, it might force populations to evacuate certain areas. Even
if all the possible consequences of a rising world temperature are not completely
clear, under the scenarios considered, climate change could have an impact on hu-

man living, mainly for the worse, affecting basic needs and sectors such as energy

1
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Renewable Energy
13.9% Coal 11.6%

Non Renewable
Residues 0.2%

Nuclear 12.1%

0il 42.3%

Gas 19.9%

Figure 1.1: Percentage of primary energy consumption in Spain in 2015 [5].

and transportation. To diminish the consequences of climate change, it has been
proposed to keep the increase in the average global temperature to well below
2°C above pre-industrial levels, and, furthermore, to aim to limit the increase to

1.5°C [4].

From the technological point of view, reaching the above-mentioned objectives
implies a huge effort to change the current energy usage scenario into a more
sustainability-oriented one. As a case study, one could observe the primary energy
consumption in Spain during 2015 and clearly contemplate a scheme dominated

by the use of oil (see Figure 1.1).

Clean energy sources like wind energy, solar and hydropower become impor-

tant in a new greener scenario. In particular, solar energy benefits from certain

2



advantages. Solar power, for instance, is one of the most environment friendly
renewable energy options. It allows for a simple mounting and the possibility of
being installed in difficult to access terrains [6]. PV systems don’t pollute the
air and don’t produce noise, which makes them suitable for installation within
or close to the sites where the energy is demanded. Moreover, solar is one of
the renewable energy solutions that easily integrates with building fagcades as an

additional architectural design element.

The evolution of photovoltaic technology has often been described by three
generations of solar cell devices. The first generation comprises devices fabricated
with monocrystalline silicon operating under a semiconductor p-n junction. This
technology has proven its effectiveness and stability, and it is the most wide
spread on the market, representing around 93% of the world’s total production
in 2015 [7]. The next generation of solar cells, or so-called second generation,
aims for processing methods requiring less energy and a lesser quantity of bulk
material for the solar cell fabrication. The second generation of solar cells includes
a part of the group of thin film technologies such as CIGS, amorphous Si and
CdTe. This second generation of PV exhibits new advantages including flexibility,
light-weight and building integration capability. However, there is still a huge
gap between the best lab scale devices compared to the modules, caused mainly
by poor material homogeneity and uniformity across large areas [8]. The third
generation of solar cells comprises the so-called emerging technologies. Among
them, there are multi-junction tandem solar cells, organic solar cells (OSC), dye
sensitized solar cells (DSSC) and perovskite solar cells (PVK). In principle, the
latter are also thin film technologies given that the active materials stay in the
nanometer range. At the time that the third generation of solar cells started,
the aim was to reduce the cost of second generation photovoltaics, which was in

the $ 1/W level, to values of $ 0.5/W or better by enhancing the efficiencies but

3
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keeping the advantages of thin-film deposition technologies [9]. For this reason,

new materials and architectures able to surpass the Schockley-Queisser limit were

implemented.
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Figure 1.2: Best solar cell devices certified by NREL (Jan 2017) [10].

Intense research in the field of third generation photovoltaics has led to high
power conversion efficiency (PCE) devices. These have already surpassed the 11%
PCE for single junction OSC and 12% for tandem architectures as observed in
the NREL efficiency chart depicted in Figure 1.2. On the other hand, Perovskites
already show remarkably high PCEs above 22%.
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1.1. Overview of thin film technologies

1.1 Overview of thin film technologies

1.1.1 Organic solar cells (OSC)

OSC have attracted enormous interest given their compatibility with roll-to-roll
processing and ability for semi-transparency [11, 12]. Currently, there exist other
kinds of technology allowing easy manufacture; however, none of them can provide
the neutral semi-transparency and stability of organic solar cells, which makes

OSC still very competitive for building integrated photovoltaics (BIPV) .

In recent years, the PCE of single-junction organic solar cells has been rising
steadily due to the implementation of several strategies that include optical trap-
ping [13, 14, 15, 16], the design of new polymers [17, 18, 19], the use of ternary
blends [20, 21], fullerene-free blends [22, 23] and interfacial engineering, among
others. High performance blends including polymers like PTB7-Th, also known
as PCE10, PfBT4T-20D and PBDB-T have brought certified efficiency of OSC

to values surpassing the 10% barrier [22].

However, further increasing the PCE is still severely limited by the low charge
carrier mobility [24]. Many different factors including molecular packing, disorder
or low crystallinity, the presence of impurities, temperature, electric field, charge-
carrier density, size/molecular weight, and pressure can degrade such mobility
[25]. The detrimental effects become more apparent for thicker blends by causing
a dramatic reduction in fill factor (FF) for the majority of polymers [26]. Thus,
increasing light absorption by means of thicker blends to obtain higher efficiencies
is not a viable alternative. Different alternatives have been explored for the

improvement of organic solar cells, as discussed in section 1.3.2.
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1.1.2 Perovskite solar cells (PVK)

Perovskite solar cells have recently emerged as a promising technology for cost-
effective photovoltaics [27, 28, 29, 30, 31, 32]. A wide variety of perovskite archi-
tectures have shown the remarkable opto-electronic properties of these materials,
which in less than five years have reached efficiencies above 20% [33, 34, 35] .
Perovskites are crystallized from organic and metal halide salts to build ABX3
structured crystals, where A is the organic cation, B is the metal cation and X is

the halide anion [36].

One interesting characteristic of organic-inorganic metal trihalide perovskites
is the tunability of their bandgap by means of substituting both cation and anion
[37, 38, 39]. For instance, the perovskite structure MAPb(I; «Bry)s can be tuned
in composition following the substitution of I with Br to exhibit bandgaps from
1.57 eV to 2.29 eV. This capability allows, among other things, the application of
PVK in tandem devices using only PVK, silicon or CIGS [40, 41, 42, 43, 44, 45].
In fact, given the low prices per watt of the electricity generated by commercial
silicon solar cells, PVK have arisen lately as an interesting material to enhance
efficiency of silicon solar cells by using multi-junction configurations [133, 47, 48,

49, 50].

1.1.3 Other thin film solar cells

Solar cells based on Culni_GaySes absorbers, also known as CIGS, are currently
the most efficient devices within the second generation of photovoltaics, with a
laboratory scale PCE of 22.6% [51]. However, scarcity of indium and its growth
in price motivated by the demand of display manufacturers [52] is expected to

limit the production of CIGS solar cells.

To circumvent this problem, a new type of solar cells, denominated Kesterites,
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were developed. In structure, they are similar to CIGS solar cells but the indium
is replaced with non-toxic, earth-abundant, lower cost materials such as Tin and
Zinc [53]. Their efficiency has remained at 12.6% since 2013 [54]. There are
currently several aspects that need improving in these devices, including reducing
bulk defects within the kesterite, improving interfaces to achieve higher V., and

passivation of defects at grain boundaries, among others [52].

Quantum dot solar cells are another type of inorganic devices. Apart from
enabling solution processing, an important advantage of these devices is their
ability to tune the optical and electrical properties by adjusting the size and
shape of the nanoparticles [55, 56, 57]. Recent colloidal quantum dot research
has focused on methods for nanoparticles synthesis, and film processing [58, 59].
Power conversion efficiencies above 11% have already being reached [10]. Efforts
towards the improvement of electronic transport are required, such as a reduction

of defects, elimination of trap states and an increase in nanocrystal packing [60].

Cadmium Telluride solar cells (CdTe) are also thin film devices, fabricated by
either high-temperature (>770K) or low-temperature (<670K) based processes.
The first group include methods as close-spaced sublimation, vapor transport de-
position and atmospheric pressure vapor transport deposition and the latter in-
clude high vacuum evaporation, sputtering, spray pyrolysis and electro-deposition
[61]. Considering the market share of thin film devices, CdTe solar cells have been
above CIGS and amorphous silicon for the last 9 years [7]. The performance of
CdTe solar cells has recently been improved, especially in terms of photocurrent,
but further efforts are needed to improve the V. and FF. Recently, the company
First Solar achieved an efficiency of 18.6% for CdTe modules, similar to that of

polysilicon solar modules.
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1.2 Working principles of thin film solar cells

1.2.1 Circuit model of single junction solar cells

Generic dark and illuminated current voltage (IV) curves of thin film solar cells
can be fitted using the single diode model. This describes the IV behavior with
four components: a photocurrent source, a diode, a serial resistor, and a shunt
resistor. The photocurrent source represents the free charges generated after the
light absorption, the diode accounts for the electron-hole recombination at the p-n
junction, the serial resistor models the internal resistance of the cell (including the
resistance of the electrodes) and the shunt resistor accounts for leakage current
through the cells. The mathematical expression for the current throughout the

solar cell upon illumination is as follows:

q(V — JRs) V — JRg
= -1+ — Joc 1.1
7 JO |:€$p ( nkBT RSH J ( )

where the first term represents the diode or recombination current, the second
term the shunt current and the third term the generated photocurrent. Following
the original p-n junction theory of Shockley, Jp is the saturation current at reverse
bias for an ideal p-n junction diode, V is the potential difference between the
contacts, T is the temperature in Kelvin, n is the ideality factor of the diode and
kg is the Boltzmann constant. Rg is the internal series resistance of the cell and

Rgy the parallel shunt resistance.
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Figure 1.3: Typical JV curve of a solar cell.
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Figure 1.4: Circuit model of a solar cell.

The dark and illuminated JV curve of a solar cell is shown in Figure 1.3. The
electrical parameters that characterize the device are the open circuit voltage

Ve, the short circuit current density Jg, the fill factor FF, and the PCE. The

9
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open circuit voltage is the maximum voltage that can be achieved by a solar cell.
At the V. condition, the generated carriers balance with the recombined carriers
leaving no net current at any position within the device. In most of the thin film
solar cells, the V,. shows a linear relation to the bandgap of the semiconductors.
In the case of organic solar cells, there is a consistent linear relation between the
Voc and the difference between the HOMO level of the donor polymer and the
LUMO level of the acceptor, with little dependence on the work function of the
electrodes [62]. The Jg is governed by the materials’ absorption, together with
interference effects that arise from stacking multiple layers with thicknesses in the
order of the wavelength of light. This is measured when the voltage across the
solar cell is zero. The so-called fill factor (FF) is a parameter that describes how
much of the power product V., Jsc can be provided by the solar cell, represented
by the squareness of the JV curve. Ideally, the more squared the JV curve is, the
more power can be delivered to the load. The PCE of a solar cell is expressed in

terms of the V¢, Jsc and FF using the following expression:

‘/;)CJSCFF *

in

PCE = 100 (1.2)

where Py, corresponds to the incident power of light per unit area, which for

AM 1.5 illumination is 100 mW /cm?.

1.2.2 Operation of OSC

In the majority of inorganic semiconductors, free electrons and holes are produced
directly upon light illumination. However, within organic semiconductors the ab-
sorption of light creates electron-hole pairs (excitons) which at room temperature
are still bound and need additional energy for their dissociation [63, 64, 65]. The
reason for these strongly bound excitons is the low dielectric constants of or-
ganic materials when compared with their inorganic counterparts, leading to an

electron-hole binding energy in the range of 0.35-0.5eV that exceeds by an or-
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der of magnitude the thermal energy value at room temperature. The HOMO
and LUMO of organic molecules correspond to their Highest Occupied Molecu-
lar Orbital and Lowest Un-occupied Molecular Orbital, respectively, analog to
the valence and conduction band in inorganic materials [66]. A way to facilitate
the generation of free charges is having a difference in the LUMO between the
donor and acceptor materials, that provides the driving force for the transfer of

an electron from donor to acceptor molecule [11, 67].

n

Cathode

Figure 1.5: Bulk Heterojunction.

The first organic solar cells were fabricated with an organic heterojunction
formed by a bilayer of donor (polymer) and acceptor (fullerene) material [68].
This approach proved better than just having a single polymer. The major im-
provement in organic solar cells, however, was introduced with the bulk hetero-
junction concept (see Figure 1.5)[69, 70]. A bulk heterojunction consists of a mix
of polymer and fullerene materials where ideally both are phase segregated in the
scale of 10 nm, which is the exciton diffusion length. Such nanomorphology favors
the splitting of the excitons, which can reach an interface where they separate and

are finally collected at the electrodes to produce a photocurrent in the external
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circuit [71]. The film thickness of the bulk heterojunction is typically limited to
100 nm to minimize charge recombination losses from the low carrier mobilities
in organic semiconductors. For instance, an electron mobility of 2 x 10 cm?/Vs

has been measured for the reference blend system P3HT:PCBM [72].

Although organic semiconductors are not intentionally doped, they have been
found to contain holes as majority carriers. Such p-doping originates from neg-
atively charged defects within the polymers, upon exposition to air or moisture
[73, 74]. Under dark conditions, a Schottky barrier forms between the blend and

the cathode after putting them together, thus generating a depletion region at

this contact.

o\
\ Separated

HOMO
Figure 1.6: Charge generation in OSC.

A scheme for charge generation in a bulk heterojunction upon light illumina-

tion is depicted in Figure 1.6. According to this model, absorption of a photon

12
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in the donor material generates a bound electron-hole pair or exciton (ED state).
Upon relaxation to lower energy sites within the polymer, the exciton diffuses
to the interface between donor (D) and acceptor (A) where the difference in the
energy of the LUMO levels enables the transfer of an electron onto the acceptor.
At this point, a bound electron-hole state at the interfaces called charge transfer
state CT is created. Such a state is an intermediate between excitons and com-
pletely dissociated charges [75, 76]. After the CT state, the bound charges may
separate to overcome the Coulombic interaction and dissociate completely to be
dragged towards the electrode by the internal build-in field, and eventually to be
extracted as generated photocurrents (SC) [67]. The presence of a hole transport-
ing layer (HTL) and an electron transporting layer (ETL), located at the proper
energy levels with respect to the donor and acceptor respectively, guarantee that

charges will flow in the right direction thus minimizing recombination.

The likelihood of photon conversion to charges can be described using the

external quantum efficiency (EQE) according to:

EQE()‘) = A()‘)nednecncc = A()‘)PTCOE (13)

where A(N), Ned, Neec and ne. correspond to the photon absorption, the effi-
ciency of exciton diffusion, the efficiency of charge separation, and the efficiency
of carriers transport and carriers collection, respectively. Except for the photon
absorption, the rest of these parameters are wavelength independent and can
be in general terms represented by one single product denoted as the absorbed

photon to current conversion efficiency (PTCCE).

1.2.3 Operation of PVK

Perovskite films are typically placed in between p- and n-type selective layers.

However, the fact that good efficiencies can be achieved in PVK also without the
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electron or hole selective layers indicate that, as opposed to organic solar cells,

PVK are good electron and hole conductors [77, 78].

The diffusion length has been estimated to surpass one micron for both elec-
trons and holes in films processed from mixed-halide precursor solutions [79, 80].
Such a diffusion length derives from the high mobility of electrons and holes in
the range of 10 to 30 cm?/Vs. The exciton binding energy is also an important
parameter to describe electronic properties. Initial studies of different phases
of PVK have determined an exciton binding energy in the range of 37 to 50
meV [81, 82]. Nevertheless, more recent studies argue that at room temperature
the exciton binding energy is only a few millielectronvolts, suggesting that the

photovoltaic performance is mainly a free-carrier phenomenon [83].

Figure 1.7 shows a common architecture for perovskites. A layer of meso-
porous TiOs lies above a compact layer of TiOs. The PVK material infiltrates
the mesoporous TiO, [84, 85, 86]. Upon photon absorption, a free electron and a
free hole are generated inside the PVK. The electron travels through the n-type
mesoporous and compact layers of TiOy towards the FTO cathode, while the
hole reaches the Au anode through a hole transporting material. PVK absorbers
have been tested within a large variety of architectures employing different hole
and electron transporting layers [87, 88]. Both types of transporting layers have
been shown to reduce the recombination rates in PVK, and in particular, the

hole transporting layer has been found to improve the Vg [89].

For the electron transporting layers different materials have been used includ-
ing TiO2, ZnO, AlyO3, PCBM. Similarly, for the hole transporting layers, a large
group of tested materials have been trialed such as Spiro O-MeTAD, PTAA,
P3HT, PEDOT:PSS and PCPDTBT [90]. A huge amount of the different ar-

chitectures have proved effective, thus showing the enormous versatility of these
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materials.

Figure 1.7: Operation of a PVK solar cell.

1.3 Overcoming efficiency limitations of single junc-

tion organic solar cells

1.3.1 Improving V.

One main limitation that has been encountered for OSC is the relatively large
voltage loss from the absorber bandgap to the V. of the solar cell. Such a volt-
age loss, coming from the energy offset between the bandgap of the blend system
and the energy of the CT state, is required for charge separation in OSC. Paths
towards improvement of the V. in organic solar cells include the development of
new polymer-acceptor systems where the driving force required for charge sepa-
ration is minimal, for instance, blend systems deploying non-fullerene acceptors

[91].
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1.3.2 Light harvesting techniques

As previously mentioned, the photoactive material in OSC is typically limited to
100 nm. Such a small thickness leads to insufficient photon absorption within the
active material. As a consequence, it is very important to manage light inside
the OSC such that the electromagnetic field intensity is maximized within the
photoactive layers. To achieve that, a model employing the optical properties of
each composing layer has been developed, which takes into account effects such
as reflections and interferences [92]. With regard to the materials, improvements
in the photocurrent may arise from the use of buffer layers exhibiting low ex-
tinction coefficients. In this way, parasitic absorption coming from these layers
is reduced [93, 94]. Tuning the thicknesses of the layers in opaque OSC is also
an effective way to obtain an optimal interference inside the cells [95, 96]. In the
case of semi-transparent devices, optical management has proven to be particu-
larly relevant [97]. In such cases, incorporation of periodic photonic structures
on top of the semi-transparent metallic electrode allows for the re-harvesting of
near-infrared photons [98, 99]. Even more interesting is the use of non-periodic
photonic structures in semi-transparent devices to re-harvest both near-UV and
near-infrared photons [100] such that the resulting device reaches 80% of the ef-
ficiency of the opaque reference, with a luminosity of 30% in the visible range.
A direct approach towards obtaining a larger transparency in the visible has also
been employed, which consists in lowering the band-gap of the absorber polymers.
This approach can generate a nice colorless level of transparency [101, 102, 103].
Photonic crystals have also been combined with low band-gap polymers to en-

hance both efficiency and transparency in the visible [104, 105].

Besides the optimization of 1D flat architectures, photocurrent enhancements
have also been demonstrated by the incorporation of micro layers and by the

nanostructuring of charge extraction layers [106], photoactive layers or the sub-
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strate itself. For instance, Moths eye nanostructures (MEN) have been patterned
on the PEDOT:PSS or ZnO layer on ITO coated substrates of OSC. Then, or-
ganic layers and the top metal electrode have been deposited following a conformal
coating. Compared to flat references, such nanostructured devices can achieve
improvements of up to 20% in the photocurrent (when also incorporating the
MEN on the substrate side) [107]. An improvement of 7.8% in the photocurrent
has also been demonstrated for the case of a MEN incorporated directly on the

photoactive layer [108].

Another alternative has been the application of plasmonics to OSC. Surface
plasmons have been exploited in OSC to induce light trapping [109, 110, 111, 112].
This occurs because the metallic nanostructures scatter light that is then coupled
into the photoactive layers. In many occasions the introduction of nanostructures
within OSC have led to degradation of PV parameters like the V. or the FF.
A method to incorporate a nanostructure on the top Ag electrode of an OSC
which induces no cell degradation has been shown by Niesen et al. [113]. An
improvement of almost 5% in the photocurrent was achieved when comparing
with the best flat reference. Based on simulations and experimental results, the
conclusion was that the main plasmonic effect behind the enhanced absorption
was light scattering. The plasmonic structures have been inserted in different
layers within the OSC. For instance, metallic nanoparticles have been incorpo-
rated in the hole transporting layer achieving current enhancements from 9% up
to 20% [114, 115]. A similar effect has been obtained by implementing metallic
nanoparticles in the active layers of OSC, which has increased the short circuit

current up to 16% compared to the reference devices [116, 117, 118, 119].

There exist different light trapping elements that can be attached to the sub-

strate to achieve photocurrent enhancements, without being in close contact to
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the photoactive layers. A design employing a close-packed, hemispherical, trans-
parent polymer microlens array (MLA) fabricated on top of the substrate where
light is incident has been shown as a universal optical approach to enhance the
efficiency of OSC. This is attributed to a longer optical path length for the inci-
dent light inside the photoactive layer and a reduced surface reflection induced
by the MLA [13]. Additional structures have been explored with elements sepa-
rated from the photoactive layer, including a pyramidal rear reflector [14], or a
microprism substrate [15]. The former increases the optical path length in the
active layer more than 2.5 times compared to a planar reflector. In the latter, a
gain in the absorption in the photoactive layer results from the inclined incidence
of radiation and from the multiple reflections. Another novel geometry that ex-
plodes the multiple reflections is the V-shaped architecture, where two cells are
facing each other in a folded configuration. Reflected light experiences multiple
bounces between both cells, thus increasing the probability of being absorbed.

Such light would be lost in a planar configuration [16].

1.4 Multi-junction thin film solar cells

An interesting approach to increase solar cell efficiency is the multi-junction con-
figuration obtained by stacking different materials with complementary absorp-
tion to harvest energy from a larger portion of the solar spectra [120, 121, 122, 123,
124]. An efficiency of 13.2%, the highest efficiency for an organic solar cell to date,
has been reached by using a multi-junction approach combining three different
absorbers [125]. Lately, newer materials like perovskites have shown themselves
to be promising options for efficient multi-junction devices, together with more
mature PV technologies employing different architectures [41, 42, 43, 44]. The
most common configuration, where two sub-cells based on different active mate-

rials are piled up, is also known as hetero — tandem. On the other hand, the use
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of the same active material in the sub-cells has also proven effective in enhancing
absorption and efficiency, with the added advantage of being available to more
OSC research groups, as only a few are able to design high quality polymers with
tailored absorption profiles [126, 127, 128]. This configuration is also known as
homo — tandem. In this work, we will also discuss homo-triple devices, which are

composed of three serially connected layers of the same active material.

In the tandem structures, regardless of the active materials chosen, the sub-
cells are deposited one on top of the other using an intermediate layer which
connects them electrically in series. This type of architecture might be also
referred to as 2-terminal. A second approach is to develop devices which are not
intrinsically connected but instead are separated by a dielectric layer, having the
full set of electrodes free, referred as 4-terminal architectures (for the case of two
active layers) [129, 130]. A posteriori, the cells can be connected in series or
parallel, according to the application. The need for an interconnecting layer and

intrinsic current-matching is removed in this architecture.

1.4.1 Semi-transparent electrodes (TE) for multi-junction solar

cells

In any of the configurations used to achieve a multi-junction solar cell, it is neces-
sary to include one or more semi-transparent electrodes in between the absorber
materials. This is particularly challenging, as organic layers can usually with-
stand only specific deposition methods, thus limiting the type of electrodes that

can be deposited on top of them.

In the case of tandem solar cells, the composed semi-transparent electrode
that serves as a common connection between front and rear sub-cells is referred

to as an interconnecting layer or ICL. This ICL must comply to strict criteria, for
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instance, it should efficiently collect holes from one of the sub-cells in order to re-
combine them with electrons from the other sub-cell. Processing of the ICL must
be compatible with the bottom layers and, furthermore, the finished ICL must
have surface properties that allow the deposition of the top layers [131, 132]. The
energy levels of the ICL must match on one side, the acceptor’s HOMO of one
subcell and on the other side, the donor’s LUMO of the other subcell similarly
to the case of anodic and cathodic buffer layers within single junction devices.
Optically, the ICL must show a high level of semi-transparency, to avoid parasitic
losses. The ICLs are formed by metallic or semi-metallic layers [120], by tunnel
junctions (n++/p++) [133, 134] and by sequential deposition of thin layers of an
n-type material, a p-type material and ultra-thin evaporated metallic layers (usu-
ally between 0.5 and 2 nm) in between [135, 136, 137]. Other alternatives include
fully solution processed ICLs containing modified PEDOT:PSS formulations and
ZnO [138, 123].

The need for semi-transparent inner TEs is as important in the 4-terminal
architecture, as it is for tandem devices. The TEs used in this kind of struc-
ture are, however, typically less transparent than ICLs because they require a
higher degree of lateral conductivity for the extraction of charges. This con-
ductivity is mainly achieved by increasing the thicknesses of the thin metallic
layers (to around 10 nm). Within 4-terminal devices, a transparent dielectric
layer is introduced, which separates the TEs of both sub-cells. As a consequence,
deposition of the second sub-cell is not directly on top of the semi-transparent
TE but on the dielectric in this case. Evaporated oxide/metal/oxide structures
are a typical alternative, given their compatibility with organic layers and the
high-transparencies that they can reach. An example is the electrode comprising
MoO3/Ag/MoOs3 also denominated as MAM, which has been used both as an

anode and a cathode in single junction solar cells [139, 140]. A similar structure
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using Au has also been demonstrated [141, 142].

4-terminal structures can also be obtained by stacking two cells, without re-
quiring a monolithic integration, with each of them being in their respective sub-
strate. In such cases, if one of the inner TEs were built upon a glass substrate,
it could be sputtered as in the case of ITO or other multi-layered configurations

of the oxide/metal/oxide type.

1.5 Modeling light absorption in thin film cells with

a planar architecture

Thin film solar cells typically consist of a group of layers sequentially deposited
one on top of the other and having a thickness in the range of tens to hundreds
of nanometers. The photocurrent that can be provided by the solar cell is mainly
determined by the absorber or active layer that generates most of the charges col-
lected by the electrodes. However, interference between the incident and reflected
waves inside such layered device also plays a determining role in the absorption
intensity distribution profile, thus affecting the cell generated photocurrent. Such
reflected wave arises mainly from the back metallic electrode but also from the
other interfaces present in such planar layered device. An effective way to de-
termine the optimal cell architecture is by implementing an inverse integration
approach where photocurrent from each one of a large set of possible configuration

solutions is numerically computed using a transfer matrix formalism (TMM).

A standard procedure to find the optimal solution for a photovoltaic problem
would consist in taking the parameters that define a given cell structure and cal-
culating the output photocurrent derived from it, in other words, the logic flow

goes from the cause to the result. Subsequently, one would adjust such parame-
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ters to eventually find the optimal solution. In inverse problem solving, a target
solution is set as the starting point without any pre-setting of the parameters
that define the cell structure. In photovoltaic type problems, that target solution
would typically be the one that maximizes the photocurrent of the solar cell or
its power conversion efficiency. In other cases, for instance in semi-transparent
cells, this target could be one that offers the optimal balance between efficiency
and transparency. Once that target solution is defined there are several numer-
ical methods that may be implemented to find the parameters that define the
cell configuration capable to provide the performance that one has set as tar-
get. A very effective procedure in solving problems that do not require a large
discretization of the space, such as for instance in 1-dimensional configurations,
is to numerically compute the targeted variable for a large set of configurations
encompassing all possible cell architectures that make sense given the physical
restrictions that may apply. For instance, when trying to determine which one
is the optimal active layer thickness, large values for that thickness that imply a
low FF for the cell should be excluded. In this thesis we implemented this proce-
dure by computing the performance of a large set of configurations corresponding
to a large set of different input parameters, including thicknesses and/or optical
constants for some or all the device layers. Such parameters were allowed to vary
within a specified range. Each configuration is unique and represent a possible
solution. Once all such solutions are computed one may implement simple differ-
ent procedures to select the configuration that leads to the solution that is closest

to the target initially defined.

To implement the TMM model, it is assumed that:
1. All layers are considered homogeneous and isotropic, such that their optical
characteristics can be represented by scalar complex indexes of refraction.

2. Interfaces between adjacent layers are parallel and optically flat.
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3. Incident light is perpendicular to the stack and can be described by plane
waves. With respect to the angle of incidence, different authors have studied
the dependence of the photocurrent with varying angles of incidence in organic
single, tandem solar cells and PVK solar cells, finding a weak dependence once
the illumination area is corrected [143, 144, 145]. For this reason, in all our
calculations we consider only the case of perpendicular incidence.

4. The efficiency of exciton diffusion, the efficiency of charge separation, and
the efficiency of carriers transport and carriers collection, are not dependent on

wavelength [92].

For every layer, the complex index of refraction 7 must be known:

i =n+ ik (1.4)

where n is the refractive index and k is the extinction coefficient. The chosen
propagation direction is along the z axis. The wavenumber of the [ layer in the
direction of propagation z is denoted as k.; and is related to n by the following

equation:

The numerical computation of the optical electrical fields must be performed
backwards, starting from the interface between the air and the last layer of the
device stack, which is typically a 100 nm thick silver layer, and finishing at the
glass substrate interface. Boundary conditions are as shown in Figure 1.8, where
the forward optical electrical field E}. of the last layer (Air) is set to 1 and the
backward optical electrical field E, is equal to zero, provided no light is entering
from the right hand side of the structure. For the rest of the layers, there exist

a superposition of a forward and backward optical electric field components. To

23



Chapter 1. Introduction

propagate the fields from right to left, continuity conditions for the tangential
component of the optical electrical field and the normal component of the optical

magnetic field are considered at the interfaces.

The forward and backward optical electrical field amplitudes for a given layer
I — 1 can be calculated in a sequential manner from the components of the sub-

sequent layer [ using the following equation:

Ef, A B| |Ef
= (1.6)
E_, C D| |E
where the 2-dimension matrix elements are given in terms of the complex

wavenumber of the [ layer £, ;, and the complex wavenumber and thickness of the

[ — 1 layer, k,;—1 and d;_1, respectively:

A B (kzi—1+ kz,l)e_ikz’l_ldl_l (kzg—1— k?z,l)e_ik%l—ldl—l )
¢ D (kog1 = kep)et=irdion (kg + kb, p)eth=i-adia
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Figure 1.8: Scheme of an organic solar cell as a multilayer optical stack.
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From the optical electrical field amplitudes in the glass substrate E} and
E; one can obtain their corresponding intensities |E}|* and |E; |?, respectively.
Given that the substrate is normally a 1 or 2 mm thick piece of glass, the su-
perposition of Ef and E; is likely to be non-coherent. Therefore, it is assumed
correct to relate E and E; to the incident field Ef using the intensity Fresnel
equations. At the interface between the air and the substrate, one must also
consider the field that is reflected back to the device, denoted as E_, to fulfill the

energy conservation condition.

To determine the absorbed energy within the active layer(s), we start with:

Re {—2 /V(E - T5)dV = —% /S(E X ﬁ*)dﬁq} (1.8)
where both sides of the equation represent a decrease in the electromagnetic
energy due to absorption [146]. On the left side of the equation, J_C:; can be written
in terms of E as follows:
oD

= > = (—iweE)* (1.9)

axl

being € the complex dielectric function where € = ¢ + ie . Expressing € in

terms of n and k£ and inserting equation 1.9 in the left side of equation 1.8:

. * . . 2 -
e / (E-E*)dV = —Z(in? = k) + 2nk)eg / [E()Pav - (1.10)
14

The real part of equation 1.10 can be written as:

@ / \E(2)[?Adz (1.11)

where the volume dV is expressed by an area A multiplied by dz.
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To calculate the integral in equation 1.11 we discretize the thickness of the
layer(s) into a given number of steps. The discretization integer to label each of
such steps is m. The number of steps is selected according to the computation
time and the thickness of the active layer, being higher when thicker films are
being considered. Using the wavelength dependent optical electrical field intensity
in a given interval of the discretization centered at position z,,, we calculate the

absorbed energy in layer [:

_ 2menkeg

M
Ea(em) = = S B (zm) P Az A (1.12)

m=1
where c is the light velocity in vacuum, €y is the permittivity of free space,

and

= ‘E_;l(zm) +E_;l(zm) (1'13)

By performing the discretized integration of the absorbed energy E4(z,) over
the complete active layer thickness and normalizing against the intensity of the
incident optical electrical field, we obtain the normalized wavelength dependent
absorption A(\). The FQE(\) is determined using equation 1.3. Finally, the
short-circuit current density generated by the solar cell can be determined by

integrating the EQFE(\) over the solar spectra according to:

Jee =g / EQE\)F(\)dA (1.14)

where ¢ stands for the electron charge and F'()) is the sunlight photon flux
under AM1.5G conditions.
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1.6 Thesis outline

In this thesis, we aim for an optimal light harvesting within multi-junction solar
cells to increase the performance of single-junction thin film solar cells. Specific
objectives within the work include:

1. To design and develop homo-tandem and homo-triple structures based in or-
ganic solar cells

2. To design and develop homo-tandem structures in a 4-terminal configuration,
allowing for an independent characterization of the organic sub-cells

3. To propose and theoretically evaluate a new hetero-multi-junction scheme
based on PVK and CIGS with the added advantage of not requiring current
matching

4. To evaluate different type of semi-transparent electrodes to be implemented

within the multi-junction structures

In general, we investigate both homo and hetero-tandem structures. In the
former structure, we increase the total thickness of the absorber material being
used in the device without increasing the thickness of either single active mate-
rial sublayer while, in the latter, we combine complementary absorbers to cover a
wider portion of the solar spectra. In either structure, we must find the optimal
electromagnetic field distribution within a complicated multilayer cell structure
containing multiple absorbers. To achieve this, we implement an inverse integra-
tion approach combined with a transfer matrix calculation of the electric field. In
addition, we develop different types of charge collection or recombination layers
to be placed in between two adjacent sub-cells which we apply to tandem, triple,

4-terminal and series-parallel configurations.

The thesis is organized into five chapters. Chapter 1 introduces concepts

required for the development of the thesis work including the optical model.
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Chapter 2 describes the development of homo-multi-junction organic solar cells
comprising homo-tandem and homo-triple devices with the blend PTB7:PC; BM.
This chapter gives insights into the role of optical optimization in achieving the
current-matching required in such structures. A description of the optical inter-
connecting layer (ICL) used in both architectures is introduced as well as potential
applications of the multi-junction structures. We report experimental results that
confirm the improvement of the homo-tandem structure over the single junction
devices, and the applicability of homo-triple devices to drive a water splitting

reaction with a remarkable solar-to-hydrogen efficiency of 6%.

In Chapter 3, we explore the 4-terminal architecture using blends based on
PTB7:PC71BM and PTB7-Th:PC7;BM. In this chapter, an in-depth study of dif-
ferent variants of the 4-terminal architecture are discussed, including the role of
the semi-transparent electrodes and the intermediate dielectric. By using optical
simulations, we determine the optimal architectures for photocurrent enhance-
ment, considering both current-matched devices, or completely independent de-
vices. With this type of architecture, we are able to corroborate the simulated
and measured EQE of the individual sub-cells. We show that, with a proper
selection and optimization of the inner electrodes in the 4-terminal structure, an

improvement in photocurrent over the single junction device can be achieved.

Chapter 4 extends our study of multi-junction structures to Perovskites and
CIGS solar cells. In this chapter, we describe a new configuration that has the
advantages of being monolithic but does not require current-matching between
the CIGS and PVK. Using realistic parameters for all the layers in the multi-
junction architecture, we predict power conversion efficiencies of close to 28%),
which is higher than any of the single junction sub-cells and the conventional

tandem architecture.
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1.6. Thesis outline

Finally, Chapter 5 details experimental and theoretical work towards the so-
lution of a common problem throughout this thesis, namely, the development of
high quality transparent electrodes to be deposited on top of the solar cells. Dif-
ferent alternatives are studied, for instance, the use of ultrathin metallic layers
combined with a microgrid, solution-processed AgNWs and standard evaporated
metallic layers. We discuss the advantages and disadvantages of each solution and
choose evaporation of metallic films for our solar cells. Results from upscaling

experiments are also shown for the selected technology.
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Introduction
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Chapter 2

Optical Management in

Tandem and Triple OSC

Owing to the relatively modest carrier mobilities inherent to organic semiconduc-
tors (1073 to 107° cm?/Vs), the thicknesses of polymer-fullerene active layers are
typically limited to the range between 100 and 130 nm. As these active layers are
too thin to absorb all the incident light from the solar spectra, additional active
layers of the same material can be serially connected in a multi-junction stack to
mimic a single thick layer. Considering the ideal case of optical lossless ICLs, the
number of active layers in a stack would be limited by the sub-cell receiving the

least amount of light.

There have been a number of reports where homo-tandem configurations out-
perform single junction solar cells using different band-gap polymers. Examples
include the 1.38 eV band-gap system PDTP-DFBT:PC7;BM [126], where two
inverted cells are interconnected through a MoOs/modified PEDOT:PSS/ZnO
ICL. A similar ICL, which omits the MoOg layer, is used by Bahro et al. in a
tandem device with the 1.6 eV band-gap PTB7:PC7;BM [127]. In contrast to the

previous works, a tandem structure presented by Kang et al. [128] uses only a sin-
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Chapter 2. Optical Management in Tandem and Triple OSC

gle PEDOT:PSS recombination interlayer without the n-type metal oxide. This,
in combination with a PTB7-Th:PC71BM blend modified with PEI, leads to an
efficiency as high as 10.8%. Other reports have explored the complete removal of
PEDOT:PSS from the ICL, given that its acidic and hygroscopic characteristics
have been shown to reduce device stability. The work by Lu et al., for example,
proposes an ICL formed of MoOy/dipole layer/TiOs. Insertion of such a dipole
layer modifies the work function of the MoOy preventing the S-shape typically
encountered for ICLs featuring only MoOy/TiO2. Implementation of such an ICL
between two sub-cells of PBDTTT-C-T:PC7BM results in a 15% improvement

of the homo-tandem over the single device [147].

An interesting application for multi-junction organic solar cells is electro-
chemical water splitting. The necessary potential for water splitting typically
varies between 1.4 - 1.9V and is strongly dependent on the type of electrodes,
the electrolyte and the current density [148]. The organic blends that nowadays
exhibit the highest V,. together with a high FF are fullerene-free blends. They
can reach a V. as high as 1.1 V [22]. Such a remarkable value for polymers is,
however, below the required electrolysis potential. In their early work, Esiner
et al. presented a triple-junction device composed of a front sub-cell of a wide
band-gap polymer (PF10TBT, E.g. = 1.95 eV) followed by a middle and a rear
sub-cell each with a small band-gap polymer (PDPPTPT, E.g. = 1.53 eV), using
PCBM as electron acceptor in all cases [149]. With such a configuration, a device
of 5.2% efficiency and 3.1% solar-to-hydrogen (STH) conversion efficiency was
achieved. More recent work from the same group shows another photovoltaic-
electrochemical system (PV-EC) based on an organic triple-junction device that

reaches an STH efficiency of 5.4% [148].
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In this chapter, we show the design and implementation of a current-matched
homo-tandem using PTB7:PC~; BM. Combining a novel ICL with the optical opti-
mization of the structure, we demonstrate an improvement of 12% over the single
device. Successively, we extend the concept to a homo-triple-junction employing
the same blend and ICL as the homo-tandem. Even though optical losses within
the ICL prevent the efficiency of the triple device overtaking that of the single
reference, it achieves a remarkably high FF of 76%. Such a FF sets the Vy,pp, very
close to the thermodynamic water splitting potential threshold, thus minimizing
electrical power losses. This allows a 6% STH efficiency in the production of

hydrogen at neutral pH.
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Chapter 2. Optical Management in Tandem and Triple OSC

2.1 Multi-junction devices employing the same active

material

Having multi-junction solar cells with two or three sub-cells based on the same
active material has proven effective in overcoming the low absorption of the thin
film OSC. To illustrate this, we consider in Figure 2.1 a comparison between the
absorptance of a single PTB7:PC71BM based solar cell with different active layer

thicknesses versus the absorptance of a tandem solar cell.
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Figure 2.1: Absorptance of single junction solar cells of PTB7:PC7; BM compared

to the tandem structure.

In particular, the case of 8 nm thick and 210 nm thick PTB7:PC71BM single
cells is shown, together with a tandem solar cell with a total blend thickness
of 225 nm. Although the tandem device and the thick layer single junction
device show similar absorptance, the thick layer single junction solar cell will

perform poorly compared to the tandem because of charge transport limitations.
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2.2. Achieving current-matching and enhanced efficiency in
multi-junction structures

Experimentally, such a layer thickness introduces a significant loss in the FF, as
is depicted in Figure 2.2. A tandem device with an optimized combination of two
layers with a thickness of around 100 nm each guarantees that no electrical losses
will occur. This demonstrates that the use of homo multi-junction structures is

also meaningful when pushing towards higher efficiencies.
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Figure 2.2: Fill Factor of the PTB7:PC7;BM depending on layer thickness.

2.2 Achieving current-matching and enhanced efficiency

in multi-junction structures

The light propagation through the multi-junction architectures was studied ap-
plying a transfer matrix method (TMM). An inverse integration approach was
used to determine the optimal cell configuration given a set of physical parameters
that define a solar cell architecture. Such inverse integration relies on selecting

the configuration that maximizes the photocurrent of the tandem or triple cell
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Chapter 2. Optical Management in Tandem and Triple OSC

with the added constraint of matching the individual photocurrents generated
by each cell within the stack. To perform these calculations one must know the
complex index of refraction and thickness for each layer in the architecture. A
large set of possible solutions is obtained using input parameters that include a
range of thicknesses and/or optical constants for some of the layers. Using the
calculated electric field intensities for each sub-cell, together with their optical
constants, the absorption is computed to finally determine the short-circuit cur-
rent density generated by each sub-cell. Further information about the optical
modeling is found in section 1.5. The refractive indexes of the active materials
are the ones presented in [150] and for the rest of the layers they are taken from
[151] (see Appendix A for tabulated values). The thickness ranges were always
in accordance with the experimental constraints to obtain optimal FF or V. for
the sub-cells. In Figure 2.3 the layers composing the homo-tandem architecture

are shown.
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2.2. Achieving current-matching and enhanced efficiency in
multi-junction structures

Ag 100 nm

MoO, 10 nm
PTB7:PC,,BM 120 nm

MoO; 10 nm
PTB7:PC,,BM 100 nm

100 nm
Glass/ITO

Figure 2.3: Scheme of the PTB7:PC71BM tandem solar cell with optimal layer

thicknesses.

Figure 2.4 shows the calculated short-circuit current density map of the homo-
tandem solar cell when varying the thicknesses of the PTB7:PC;BM active layers
in the rear and front sub-cells. All the thicknesses of the other constituent layers
are kept constant. As observed in such a current map, having a front sub-cell
with a thickness of between 80 nm and 110 nm in combination with a rear sub-cell
with a thickness of between 90 nm to 130 nm results in the highest values for
the current density. On the other hand, lower current values arise when the front
sub-cell thickness exceeds 110 nm, because the rear sub-cell current becomes a
significant limiting factor. In other cases as well, for instance when the two sub-

cells are below 90 nm, the current maintains low values. The tendency observed
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Chapter 2. Optical Management in Tandem and Triple OSC

in Fig 2.4 shows that the current maxima can even be found for thicker rear
cells, above 130 nm, but these cases are not desirable from the electrical point
of view because of the lower performance of solar cells with increasing thickness.
For this reason, we keep the rear sub-cell thickness in our devices below 120 nm.
Even if they are not in the highest current region, we achieve 7.6 mA /cm? for

our best device as shown in Table 2.1, close to the highest value according to our

simulations.
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Figure 2.4: Simulated short-circuit current density generated in a tandem solar

cell device as a function of the front and rear active layers.

The proposed homo-triple device is an extended version of the homo-tandem.
The structure is composed of 13 layers, as seen in Figure 2.5, in which three cells
of PTB7:PC71BM are inherently connected in series to add up their voltages

employing the same ICL developed for the homo-tandem devices.
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2.2. Achieving current-matching and enhanced efficiency in
multi-junction structures

Ag 150 nm

MoO, 10 nm
PTB?PC71BM 110 nm

MoO3 10 nm

MoO;  10nm
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Glass/ITO

Figure 2.5: Scheme of triple junction solar cell based on PTB7:PC7;BM with

optimal layer thicknesses.

In the case of this complex architecture, optical optimization is also crucial
in order to target a solution where the highest possible photocurrent is reached
combined with a perfect match of the sub-cells photocurrent. The optimal optical
electrical field intensity profile and simulated EQEs for each one of the sub-cells

in the triple junction device is shown in Figures 2.6 and 2.7, respectively. The
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Chapter 2. Optical Management in Tandem and Triple OSC

optical electric field intensity shows maxima in the rear sub-cell for the near-
infrared wavelengths, in the middle sub-cell for the wavelength range between
500 and 600 nm, and in the front sub-cell for the near UV range (Figure 2.6).
The observed field distribution implies that absorption at shorter wavelengths is
dominated by the front sub-cell, in the middle range of the visible spectrum by

the middle sub-cell, and at the near-infrared by the rear sub-cell.
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Figure 2.6: Calculated optical electrical field intensity normalized with respect
to the incident field intensity as a function of wavelength for an optimized triple

junction organic solar cell architecture.

Such perfectly balanced light absorption distribution among the three cells is
better seen in the simulated EQEs shown in Figure 2.7. The large differences in
the EQE can be explained in part by the different thicknesses of the layers, but are
also due to the interference. As can be seen in Figure 2.6, constructive interference

of the incident and reflected waves tends to favor IR shifted absorption for the
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2.3. Ultrathin interconnecting layer for homo-tandem OSC

rear cell and UV shifted absorption for the front cell. In one of the architectures
leading to such optimal light absorption, the PTB7:PC71BM layer thicknesses
were determined to be 60, 105, and 110 nm for the front, middle, and rear sub-
cells, respectively. These values were used to fabricate triple-junction devices with
measured power conversion efficiencies of up to 8.7% under AM 1.5G illumination

at 100 mW/ cm? and V. equivalent to 2.1 V.
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Figure 2.7: Calculated EQE for each one of the three sub-cells in an optimized

architecture.

2.3 Ultrathin interconnecting layer for homo-tandem

OSC

Homo-tandem devices were fabricated using two sub-cells with the blend
PTB7:PC71BM as shown in Figure 2.3. The cells were sequentially deposited
on top of an ITO transparent electrode. We employed a MoOs/Ag/PFN ICL,
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Chapter 2. Optical Management in Tandem and Triple OSC

less than 20 nm thick, to connect the two identical inverted PTB7:PC71BM
sub-cells in series. The more commonly used PEDOT and ZnO ICL materials
need thermal treatments, which, despite efforts to decrease their temperature,
may still be detrimental to the bottom organic layers. In this homo-tandem de-
vice architecture, we employed thin layers of thermally evaporated MoOs and
the conjugated polyelectrolyte poly[9,9-bis(30- (N,N-dimethylamino)propyl)-2,7-
fluorene]-alt-2,7-(9,9-dioctyl-fluorene)] (PFN) that can be deposited from solution
without any further treatment. A thin Ag layer was evaporated between those
two layers in order to favour charge recombination. The transfer matrix-based
numerical determination of light absorption using the indicated materials predicts
a 14% increase in Jg. for the same polymer tandem cells relative to the optimal

single-junction cell.

We investigated the photovoltaic performance of single junction inverted
PTB7:PC71BM OSC with two different configurations, single with ZnO:
glass/ITO/ZnO/PTBT7:PC7;BM/MoO3/Ag and single with PFN: glass/
ITO/PEN/PTB7:PC71BM/Mo0O3/Ag. The single junction device with ZnO yields
a Voe of 0.74 V, a Jg of 14.3 mA/em? and an FF of 69%, resulting in a PCE
of 7.3% for a blend thickness of ca. 100 nm and a ZnO thickness of 35 nm.
The same PCE could be obtained with a Vg of 0.72 V, a Jg. of 14.3 mA/cm2
and a FF of 71% for a blend thickness of ca. 100 nm and a PFN thickness of
12 nm. The blend composed of PTB7:PC71BM dissolved in chlorobenzene (CB)
was deposited inside a glovebox to obtain a thickness of ca. 100 nm in both
cases. After a vacuum-drying period, the top electrode was evaporated on both
devices, composed of 3 nm of MoQOs followed by 100 nm of Ag. After fabrication,
all measurements were carried out in air without encapsulation and showed very

similar results for both inverted structures.
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2.3. Ultrathin interconnecting layer for homo-tandem OSC

The tandem architecture was formed by the layers (in nm) ITO(100)/
Zn0(30)/ PTB7:PC71BM(100) /MoQO3 (10)/ Ag(1)/PFN(12)/
PTB7:PC71BM(120)/ MoO3(10)/Ag(150), where the thicknesses of the layers
were measured using an AFM. The JV curve for the tandem solar cell is depicted
in Figure 2.8 and device performances are summarized in Table 2.1 for the best
devices. The standard deviation in the PCE was low for all cases, with a 4+ 0.2%.
To compare directly the tandem and single devices, we have added an additional
parameter which is the Js. multiplied by the V,. equivalent to the maximum
power P.x normalized to the V. of the single device. From the data obtained,
it can be observed that there is an improvement close to 6% in the FF of the tan-
dem relative to the single with ZnO and another 6.15% of enhancement derived
exclusively from an absorption increase. Adding up the two effects, the tandem

device has an efficiency that overperforms the single by 12%.
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Figure 2.8: JV curve of PTB7:PC7;BM tandem solar cell.
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Table 2.1: Performance parameters of the single junction devices and tandem

devices.
Device Jse Voe | FF PCE | Puax/Voc single
[mA/em?] | [mV] | [%] %] | [mA/em?]
Single ZnO | 14.3 741 69 7.3 14.3
Single PFN | 14.3 723 71 7.3 14.3
Tandem 7.6 1480 | 73 8.2 15.2
% change - - +5.79% | +12% | +6.15%

2.4 Homo-triple OSC for water splitting

Developing a homo-triple organic solar cell can be useful for applications where
it is important to have a high voltage. For instance, the open circuit voltage of
a single junction OSC is not sufficient to overcome the potential barrier for the
water splitting chemical reaction. In order to achieve a V. of 2.1 V, we piled up
three single junction cells of the same PTB7:PC71BM blend, as seen in Figure 2.5.
By using the same blend in the three sub-cells and the ICL previously optimized
for the tandem case, we simplify the fabrication procedure while at the same time
we ensure a homogeneous electrical performance throughout the device. This
resulted in FF as high as 76%, significantly higher than the 71% averaged by the
single junction counterparts. Such high FF are essential to minimize the impact
of the overpotentials in the water splitting reaction. At the lowest measured water
splitting voltage of 1.70 V, the STH conversion efficiency under 1 sun AM1.5G
illumination is as high as 96% of the maximum efficiency possible, corresponding
to an ideal operation at the thermodynamic potential threshold of 1.23 V. This is
combined with the use of a platinum free anode and cathode electrodes immersed

in a water solution buffered at pH 7. A glassy carbon rod with an extremely small
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2.4. Homo-triple OSC for water splitting

amount of RuOs catalyst anchored on the graphite surface was used as an anode
(GC-RuOg2). The cathode was made of earth abundant materials deposited on
a stainless steel plate (SST-NiMoZn). A scheme showing the complete PV-EC

system is shown in Figure 2.9.

Figure 2.9: Schematic representation of the setup for the water splitting ex-
periments using a triple junction organic solar cell, GC-RuO2 anode, and SST-

NiMoZn cathode.
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Water splitting
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Figure 2.10: JV curve of triple junction cell. Voo = 2.13 V, Jsc = 5.4 mA/ cm?,
FF = 76%, and PCE = 8.7% where the water splitting thermodynamic potential

(orange) and water splitting operating potential range (red) are indicated.

A typical current density-voltage (JV) curve of the triple junction cell is shown
in Figure 2.10, with its relevant parameters marked in red. The potential ex-
tracted at the maximum power point of the cell was close to 1.76 V, 530 mV
higher than the thermodynamic potential for the water splitting reaction. As
shown in Figure 2.11 using the full PV-EC system, continuous gas production
was detected over a period of 5 h with faradaic efficiencies close to 100% for both

gases and no apparent loss of activity.
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2.5. Conclusions
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Figure 2.11: Gas evolution profile of a water splitting experiment using a triple
junction solar cell, GC-RuO, anode and SST-NiMoZn cathode in a two electrode
configuration and a two-compartment cell, containing 0.1M phosphate buffer, pH
= 7, under 1 sun irradiation (A > 400 nm). The dotted lines represent the 100%
faradaic efficiency based on the charge passed during electrolysis while the solid

lines represent the gas measured with Clark electrode sensor.

2.5 Conclusions

In this chapter, we have demonstrated that it is feasible to apply optical mod-
elling to complex structures such as tandem and triple organic solar cells. In both

structures, we used a thin and semitransparent interconnecting layer composed
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of MoOs, Ag and PFN. Such an ICL acted as an efficient recombination layer for
the charges and from the processing point of view, it was completely innocuous
to the bottom solar cells. We performed numerical calculations using the TMM
combined with an inverse integration approach to design cell architectures ex-
hibiting an optimal light absorption by the constituents' sub-cells and complying
with the current-matching criteria. For the tandem devices, an overall improve-
ment of 12% over the single device was obtained. On the one hand, the FF of
the tandem was superior to the single references and on the other hand, by ad-
justing the thicknesses of the active layers we improved light harvesting over the
single device corresponding to a 6% increase in P, normalized to the V. of the
single junction. Similarly, through optical simulations of the homo-triple organic
solar cells we found the optimal architecture complying with current-matching.
Following these guidelines, we experimentally fabricated a device able to provide
a Vo of 2.1V, with a high FF of 76% and matched photocurrent of 5.4 mA /cm?,
and we utilized it to drive a water splitting reaction. The high FF allowed a Vpp
that matched closely to the required water splitting electrochemical potential thus
minimizing electrical losses. In other words, although water splitting is achieved
at a potential which is 42% higher than the thermodynamic potential threshold,
the current flowing through the electrochemical cell corresponds to 96% of the
current that would be flowing through the cell if the water splitting reaction were
to be occurring at 1.23V. Using the optimized triple-junction device, a remarkable

STH efficiency conversion of 6% was achieved at neutral PH.
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Chapter 3

4-Terminal Organic Solar Cells

Sub-cells in a standard tandem configuration must be current-matched to reach
their optimum performance. Their serial connection requires an ICL where
charges can recombine efficiently. Such an ICL must guarantee a low resistance
connection that introduces no electrical potential loss. It has to be robust to pro-
tect the underlying layers from damage when processing the top sub-cells [131].
The interlayer must also be transparent to avoid optical losses. Additionally, the
difficulty in testing the sub-cells independently makes the optimization of tandem

cells a challenging task.

An alternative to tandem solar cells is the 4-terminal architecture. In this
architecture, the sub-cells are not internally series-connected, thus being able to
operate independently. The devices are in principle only optically coupled, such
that the light that is transmitted through the front sub-cell reaches the back
sub-cell. This architecture no longer needs an ICL or current-matching, and in-
stead requires two additional transparent electrodes. Thus, the ICL fabrication
complexity and the stringent current-matching criteria are removed but generally
at the expense of an increased production cost. Despite this, 4-terminal devices

have recently gained attention for the high efficiencies that they can achieve. The
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Chapter 3. 4-Terminal Organic Solar Cells

improvement over standard tandem devices comes from the possibility of inde-
pendently optimizing the stacked sub-cells to operate at their maximum power
point. In the event that device properties or external factors vary over time,
electrically uncoupled cells can still be tuned independently to readjust their op-

erating points, delivering at all times maximum power from each sub-cell [129].

The work by Gehlhaar et al. presents results on 4-terminal modules based on
complementary organic materials such as PV10 and XPbing compared to stan-
dard tandem devices [130]. They found that 4-terminal devices excel the energy
output of a standard tandem device with the same organic absorber systems by
more than 32% over a year considering central European solar irradiance condi-

tions.

In this chapter, we report the design and fabrication of optically optimized
4-terminal devices in which two single junction sub-cells are fabricated using the
same organic blend and are separated by a dielectric spacer. Different alterna-
tives for the dielectric spacer and transparent electrodes are explored. Applying
the inverse problem solving procedure considered in the previous chapter, we nu-
merically designed device architectures to obtain an optimal PV performance.
In these 4-terminal configurations, even when the two sub-cells use identical ab-
sorber materials, one may improve the light harvesting capacity of the best single
device. In an experimental implementation of the 4-terminal device using the
PTB7:PC71BM blend for both sub-cells, we find a very good match with the
trend of the numerical predictions. Encouraged by these results, we fabricated
4-terminal configurations using PTB7-Th:PC7;BM, which for an optimized case
showed an improvement in the overall photocurrent compared with the best single

junction device.
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3.1. 4-Terminal devices with MAM as light entrance electrode

3.1 4-Terminal devices with MAM as light entrance

electrode

This architecture is fabricated by depositing each inverted sub-cell of
PTBT7:PC7:BM on either side of a bi-coated ITO glass substrate as shown in
Figure 3.1. In this configuration, the dielectric spacer is a 1.1 mm thick piece of
glass where a patterned I'TO is deposited on one side and a second non-patterned
ITO is deposited by RF sputtering on the other side, to obtain a bi-coated I'TO
substrate. Two complete sub-cells are deposited on either side of the substrates,

including the ZnO layers by sol-gel, the blends and the electrodes.

Ag
M003

PTB7:PC,,BM

ITO

Glass

ITO

PTB7:PC,,BM

Figure 3.1: 4-Terminal architecture with MAM as light entrance electrode.
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For the front sub-cell, the outer electrode is formed by a MAM structure while
for the back sub-cell this electrode is a thick layer of Ag. The light enters into the
structure through the front sub-cell while the back sub-cell is illuminated with
the light not absorbed by the front cell.

An optimal light absorption by both sub-cells may be reached when the ar-
chitecture of the entire device is optimized to enhance absorption in both active
layers. In the event that both sub-cells were externally connected in a series
configuration, the current flowing through both sub-cells would be the same. In
accordance with this, we look for a solution such that both sub-cells provide the
highest possible but the same short-circuit current (Jg), similar to the case of
the homo-tandem described in the previous chapter. In addition, to avoid any
detrimental effect over the FF when a real device is fabricated, we ensure that

the thicknesses for any of the two blend layers are not larger than 130 nm.
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Figure 3.2: Calculated P2« normalized against the V. of a single device in terms
of the total thickness of active material for the 4-terminal devices with varying

Ag thickness in the MAM electrode.

Figure 3.2 represents the calculated P..x normalized against the Vy. of a
single device in terms of the total thickness of active material for the 4-terminal
devices when the Ag thickness in the MAM electrode is 10 nm (blue triangles), 6
nm (black squares), 4 nm (green circles), and the ITO is 100 nm (orange squares).
The case of the best single device is shown in a straight line. In the graph, the
Pax normalized to the single device V. is used in order to compare it with the
two series connected cells that would exhibit a V.. equivalent to the sum of the
Vo from two single junction cells. Using this parameter, it is possible to observe
the improvement of the tandem structure over the single device, given that a
straight forward comparison of the photocurrent densities of tandem and single

devices would not clarify it.

We start our calculations from a total active layer thickness of 130 nm and

continue up to 210 nm. The best result is to have a total blend thickness of 190
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nm, distributed in a front sub-cell blend of 88 nm, 90 nm and 91 nm, together
with a back sub-cell blend of 102 nm, 100 nm and 99 nm for Ag of 10 nm, 6 nm
and 4 nm, respectively. For comparison, we also added the case where a highly
transparent I'TO electrode is used. The dielectric spacer and ZnO thicknesses
also change depending on the thickness of the front silver electrode. The values

for the best 4-terminal device are listed in Table 3.1.

Table 3.1: Layer thicknesses ranges (in nm) used in the numerical calculations

and layer thicknesses for the optimal and fabricated 4-terminal device.

Layer Range Best device | Experiment
Total Active Layer (TAL) 130 - 210 | 190 180
MoOj; Fixed at 39 39

Ag 4-6-10 4 10
MoOg fixed 3 3
PTB7:PC71BM front (AL1) | 70 - 100 91 90

Zn0O Fixed at ) 30

ITO Fixed at 100 135

D. spacer 50 - 290 182 1100 pm
ITO Fixed at 130 140

Zn0O 5 -30 8.75 30
PTB7:PC71BM back (AL2) | TAL- AL1 | 99 90
MoOj; Fixed at 3 3

Ag Fixed at 100 100

The optimal Ppax /Voc single for the 4-terminal devices are strongly depen-
dent on the front MAM electrode, exhibiting a very good performance when the

silver layer in the MAM is thinned down to 4 nm.
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Figure 3.3: Modeled spectral transmission of MAM electrodes depending on the

silver thickness.

In that event, as shown in Figure 3.3, the electrode transmission approaches
that of 100 nm thick ITO for the longer wavelengths, where light absorption in
PTBT7:PC71BM is the largest.

Note that the 4 and 6 nm thick Ag electrodes of the serial connected 4-terminal
devices considered exhibit an improvement over the best single junction case as
observed in Figure 3.2. This improvement is directly an efficiency improvement.
For the optimal 4 nm Ag MAM device, the calculated improvement relative to
the best single junction reaches 7.1 %. Remarkably, such enhanced performance
is obtained using the same blend in both sub-cells and, in a device configuration
where the thickness for such layers is less than 100 nm, which would correspond

to a high FF for both sub-cells.

The numerically calculated external quantum efficiencies (EQESs) for both

55



Chapter 3. 4-Terminal Organic Solar Cells

sub-cells are shown in Figure 3.4 for the optimal configuration when the thick-
ness of the Ag layer in the MAM electrode is 4 nm. The complete stack (in nm) is
MoOs (39)/ Ag (4)/ MoOs3 (3)/PTB7:PC7BM (91)/Zn0O(5)/ITO(100)/ Dielec-
tric spacer (182) /ITO(130)/ZnO (8.75)/ PTB7:PC71BM (99)/
MoOs (3)/ Ag (100). At long wavelengths above 650 nm, light absorption is larger
in the back sub-cell while at the opposite range, for short wavelengths below 500
nm, light absorption is dominated by the front sub-cell. In the entire wavelength
range, a local maximum in the EQE for the front sub-cell corresponds to a local
minimum for the EQE in the back sub-cell and vice-versa. This kind of behavior
is weakly dependent on the transparency of the light entrance electrode. In Figure
3.5 we show the EQEs for the optimal 4-terminal configuration when the thick-
ness of the Ag electrode is 10 nm. The full structure is MoOs (39)/ Ag (10)/ MoOg
(3)/PTB7:PC7BM (91)/Zn0O(5)/ITO(100)/Dielectric spacer (182)/ITO(130)
/ZnO (8.75)/ PTB7:PC71BM (99)/ MoOs (3)/ Ag (100) nm. Again, we ob-
serve that the EQE at long wavelengths is larger for the back sub-cell while at

shorter wavelengths is larger for the front sub-cell.
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Figure 3.4: Numerically calculated EQE for the front sub-cell (black continuous

line) and for the back sub-cell (dash-dotted line) for an optimized configuration.
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Figure 3.5: Numerically calculated EQE for the front sub-cell (black continuous

line) and for the back sub-cell (dash-dotted line) for a configuration with 10 nm

Ag.
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Figure 3.6: Numerically calculated optical electrical field intensity for the opti-

mized 4-T architecture.

It is observed that the optical optimization of the multilayer structure dis-
guises the spectral dependence on the active blend extinction coefficient leading
to an EQE which is strongly linked to the optical electrical field distribution in-
side the solar cell. The normalized field intensity distribution map is shown in
Figure 3.6 as a function of wavelength and position inside the solar cell for the
optimal configuration. To enhance photon harvesting, the optical electrical field
intensity must be maximized within the active layers inside the structure. As seen
in Figure 3.6, such optical electrical field intensity is clearly enhanced within the
back sub-cell active layer for most of the wavelength range. Because of material
dispersion, this confinement of the largest field density within the active layer

is not so apparent for the front sub-cell. However, when the cell architecture is
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3.1. 4-Terminal devices with MAM as light entrance electrode

optimal, as in Figure 3.6, the minima in field intensity for the front cell are, to a

certain degree, compensated with field intensity maxima in the back sub-cell.
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Figure 3.7: Numerically calculated optical electrical field intensity for a non-

optimized 4-T architecture.

For comparison, in Figure 3.7 the field intensity distribution map is shown for
a non-optimized configuration. Note that in this case, the field intensity in the
active layer of the front sub-cell is weaker for the entire wavelength range being
very apparent that the thickness of the active layer is thinner than it should
be. This decrease in optical electrical field intensity translates into a reduced
photocurrent for such a front sub-cell, thus limiting the total short-circuit current

when a serial connected device is considered.

One of the advantages of the 4-terminal tandem configuration over the stan-
dard 2-terminal is that the performance of the two sub-cells can be studied inde-
pendently from each other when already integrated in the entire device. The PV

parameters from both sub-cells are given in Table 3.2.
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Table 3.2: Solar cells parameters.

Cell JselmA/em?] | Vo mV] FF[%) PCE|[%)]
Front 6.36+0.28 0.70340.007 | 62.4242.46 | 2.79+0.13
Back 6.13+0.57 0.73240.010 | 72.4443.07 | 3.25+0.43
4T Series 6.1340.53 1.43940.007 | 69.19+3.14 | 6.1040.42
Ratio of the 4T | - 0.99792 1.0392P -

in series rela-

tive to single

sub-cells

& The average of the sum of the front and back subcells V. in the 4-terminal
devices is compared to the average of the measured V. for the serial connected
cells.

b The average FF of the independent subcells is compared to the FF of the serial

connected 4-terminal devices.

In terms of photocurrent generation, the implemented architecture
achieves a rather good match, which is important when the cells are connected
externally in a series configuration. The match of the voltages is also good, which
is necessary when the cells are connected in parallel. On the other hand, we ob-
serve that the FF for the front cell is slightly worse than the one for the back
cell, which may be attributed to the lower conductivity of the electrodes for the
front cell when compared to the back thick silver electrode. The JV characteris-
tic curve of the front and back cells measured independently and then externally
connected in series are shown in Figure 3.8. We performed a statistical study
to determine the average values for the Jg., Voo and FF of the series connected
devices. As expected, the Jg is limited to the smallest one of the two sub-cells,
the V. is very close to twice the average V. for the single junction cells and the

FF is slightly larger than the average FF for the single junction cells. In other
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3.1. 4-Terminal devices with MAM as light entrance electrode

words, no degradation in the electrical performance is observed for the 4-terminal

device when connected in series, relative to the single junction device.

Current density (mA/cmz)

-7 i T T T T T i T T T T T i T
00 02 04 06 08 10 12 14
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Figure 3.8: JV curves of front sub-cell (black), back sub-cell (red), and serial

connected (green). The curves correspond to the best device.

The absorbing layers were fabricated following the same recipe in order to
obtain thicknesses of around 90 nm for both sub-cells, which corresponds to the
thicknesses predicted by the numerical modelling of the optimal configuration. At
present, there are several experimental limitations that prevent the fabrication of
the optimal device according to the results shown in Figure 3.4. These limitations
include a lack of control at the nanoscale over the thickness of the dielectric spacer.
Also, ultrathin metallic layers typically favor the formation of non-continuous or
granular films with low conductivity causing the electrical properties of the MAM
electrodes to degrade rapidly when the thicknesses below 10 nm are considered
[140]. In addition to this, in some cases the optimal thickness for buffer layers

extracted from the optical simulations cannot be obtained as, for instance, when
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the ZnO layers is prepared by sol-gel. However, the fabricated device can be used
to evaluate the performance and validate the 4-terminal architecture relative to
the single junction device. The layer architecture of the entire fabricated device

is given in Table 3.1.
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Figure 3.9: Measured EQE for the front sub-cell (black dots) and for the back sub-
cell (red dots). Note that the large thickness of the dielectric spacer in between the

two sub-cells eliminates the oscillatory behavior seen in the numerical prediction

shown in Figure 3.5.

The experimentally measured EQEs for the front and back sub-cells are shown
in Figure 3.9. Note that the interference-like pattern observed in Figures 3.4 and
3.5 is washed out because of the large thickness of the dielectric spacer, which
is around 1 mm in the fabricated devices. However, the overall trend of the
numerically optimized EQEs is maintained in the experimentally implemented
devices. As seen in Figure 3.9, for wavelengths larger than 700 nm the EQE of
the back sub-cell is large, while for wavelengths below 500 nm the EQE of the
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front sub-cell dominates. In the region in between, the EQEs alternate.

3.2 4-terminal devices with ITO as light entrance elec-

trode and Ag inner electrodes

In a second architecture, we complete a 4-terminal device built from bottom to
top on one single side of the substrate using a transparent dielectric layer as

observed in Figure 3.10.

Ag

MoO,
PTB7-Th:PC,,BM

PTB7-Th:PC,,BM

Glass/ITO

Figure 3.10: Fabricated 4-terminal architecture where light enters through an

ITO electrode.
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Within this 4-terminal device, the front sub-cell is a conventional
semi-transparent inverted device on an ITO substrate and the back sub-cell is
a less common inverted device that is built upon a thin silver layer. Theoreti-
cally, controlling the thickness of the dielectric layer as well as the thicknesses
of the intermediate silver layers would lead to higher photocurrents. For this
configuration, we relax the strict condition of current-matching applied for the
previous 4-terminal architecture and we look for a solution that maximizes the
power generated by the device. To reach this, we optimize the sum of the pho-

tocurrents, given that the V,. and FF are practically the same for both active
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17.2

50 _— !

10 11 12 13 14 15 16 17 18 19

Refractive index

layers.

Thickness (nm)

Figure 3.11: Sum of photocurrents Jg.; and Jgeo corresponding to back and front
sub-cells respectively, using Ag indexes from Palik [151] and varying the refractive

index and thickness of the dielectric layer.

The theoretical solutions shown in Figure 3.11 correspond to numerical cal-
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3.2. 4-terminal devices with ITO as light entrance electrode and Ag
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culations performed for the 4-terminal device based on PTB7-Th:PC71BM using
silver bulk constants taken from Palik (PTCCE for both cells is considered 0.9).
In the simulated model, the experimentally used MoOgs layers surrounding the
dielectric as shown in Figure 3.10 are not included to consider only the effects of
the dielectric. All the other layers within the stack, except for the dielectric layer,
are kept constant and are listed in Table 3.3. Here, we study the effect of vari-
ations within the dielectric layer thickness and refractive index on the resultant
sum of photocurrents, under the assumption of a non-absorbing dielectric layer.
The graph clearly indicates that the probability of getting a higher photocurrent
increases when using a thinner dielectric together with a higher refractive index.
As the dielectric gets thicker, the chances of achieving higher photocurrents rely

mostly on the possibility of using a material with high refractive index.
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Table 3.3: Best configuration for 4-terminal device as simulated in Figure 3.11

using Palik’s Ag index for the thin silver.

Layer Thickness | Best Best | Js[mA/cm?]

range thick- n

[nm] ness

o]

ITO fixed 135 fixed
Zn0O fixed 10 fixed
PTB7-Th:PC71BM | fixed 100 fixed | 10.39
MoOg fixed 5 fixed
Ag thin fixed 7.5 fixed
Dielectric layer 50-950 95 1.9
Ag thin fixed 7.5 fixed
PFN fixed 1 fixed
PTB7-Th:PC7BM | fixed 100 fixed | 9.51
MoOg fixed 5 fixed
Ag fixed 150 fixed
Jse1 + Jse2 19.90

Note that, when performed with the bulk silver constants, the best 4-terminal
configuration can theoretically surpass the best results for a single junction de-
vice based on ITO. As seen in Figure 3.12, the highest short circuit current
calculated for a single inverted device of ITO/ZnO/PTB7-Th:PC7;BM/ MoO3
/Ag is 16.65 mA /cm?, while for the 4-terminal device the current can reach 19.90

mA /cm?, which is equivalent to an improvement of almost 20%.
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Figure 3.12: Short circuit current density for a single junction device based in

PTB7-Th:PC71BM depending on the active layer thickness.

From the experimental point of view, the dielectric layer must be processed in
a way that is innocuous to the front solar cells, and yet suitable for growing the
back solar cell on top. The thickness of the dielectric layer is preferably less than
1pm as observed in the simulations, yet still it must guarantee proper isolation

of the inner silver electrodes of the back and front sub-cells.

The bottom to top fabrication of such devices imposes restrictions on the
type of dielectric layer used, and also on the electron transport layer. For the
back sub-cells, it is not possible to use layers with annealing temperatures above
80°C because this would reduce the performance of the PTB7-Th:PC71BM front
sub-cell. Such a restriction rules out some of the possible dielectric layers to be
employed, and also the ZnO by sol gel as it is used in the front sub-cells. As a
replacement, a layer of PFN is deposited as the electron transport layer for the

back sub-cell, as this can be processed either without annealing or with a mild
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annealing of 70°C for 1 minute.

The search for a suitable dielectric layer included the testing of evaporated
films. Metal oxides were ideal candidates for several reasons, for instance, the
variety of refractive indexes that they exhibit, their transparency in the visible
range, the possibility of a high thickness control through evaporation, among
others. From this group of materials we tested MoOs. We also trialled MgFs,
which is a well known dielectric material, widely used in antireflective coatings.
Isolating polymers, such as PDMS, PEIE, PFN and other polymers intended
for encapsulation, were tested as well. Distinct types of sol gels were trialled,
including one based on a precursor to silicon oxide named Tetraethyl orthosilicate
or TEOS and TiOs. Solutions with nanoparticles and a set of UV curing epoxies
were also evaluated. Out of the wide spectrum of possibilities, many of them had
to be discarded for different reasons including low isolation and incompatibility
with the processing of sub-cells. In the latter case, the problem could come either
from an unavoidable processing step that would damage the front sub-cell, or from
the inadequate roughness of the dielectric layer for the successful completion of
the back sub-cell. In addition, not all the tested layers were compatible with the
deposition of PFN. The material that fulfilled most of the requirements was a
UV curing epoxy reference NOA65 from the company Norland Products. This
material has a refractive index of 1.524 together with a high transmission, as

observed in Figure 3.13.

NOAG65 can be spin coated at low velocities on top of the front sub-cell in order
to obtain a continuous and almost pinhole-free film. The 8 minutes of UV curing
required for this material proved to have negligible effect on the front sub-cell.
Perhaps the only problem with this material is that it is not possible to reach

thicknesses below 1 pm given its inherent viscosity. Lower viscosity formulations
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Figure 3.13: Transmission of NOA65 UV curing epoxy. As taken from [152].

of similar epoxy were tested without success and with a more frequent appearance
of holes and imperfections within the layer. For this reason, NOA65 was kept as

the choice for the dielectric layer fabrication.
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To confirm the correct functionality of a solar cell grown on the NOAG65 epoxy,
a set of devices of Glass/Epoxy/MoOs /Ag/ MoOs /PFN/
PTB7-Th:PC71BM/ MoOg3 /Ag was fabricated and compared to references di-
rectly deposited on glass. This architecture corresponds to the back sub-cells

within the 4-terminal configuration.

The compared references and epoxy-grown devices showed similar perfor-
mance. Voltage of 0.79V, FF of 58%, photocurrent of 14.5 mA /ecm? and EQE
shape were all similar, suggesting that, in principle, it is possible to have full oper-
ative devices grown on the epoxy. However, it was found that the devices grown
on thin silver, both epoxy and glass, had a lower performance than expected

according to the simulations.

The situation worsened within the complete 4-terminal structure, where the
measured values for the photocurrent of both sub-cells remained well below the
theoretical values. The fabricated structure, with all thicknesses in nm, was:
ITO(100)/ZnO(10)/PTB7-Th:PC7;BM(100)/MoO3 (5)/Ag(9.5)/ MoOs (65)
/ NOA65(8000) nm/MoOs (5)/Ag(9.5)/PFN(2) /PTB7-Th:PC7BM(100)/ MoOs3
(5)/Ag(150). JV curves for the 4-terminal device are depicted in Figure 3.14.

70



3.2. 4-terminal devices with ITO as light entrance electrode and Ag
inner electrodes

4

5 o

<

£

= 44

7

c

[0)

°

E o

5 Front

© Back
-12— T T T T T

0.0 0.4 0.8
Voltage (V)

Figure 3.14: JV curve of sub-cells in a configuration (layers in nm): ITO
(100)/Zn0(10)/PTB7-Th:PC7;BM(100)/MoO3 (5)/Ag (9.5)/ MoOs (65)/ Di-
electric (8 microns)/ MoOs (5)/Ag (9.5)/PFN(2)/ PTB7-Th:PC7;BM(100)/
MoOs (5)/Ag (150).
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The fact that opaque cells based on ITO presented an accurate match to
our simulations as seen in Figure 3.15 indicated that the problems were likely
arising from the thin silver layers. To characterize the thin silver thoroughly, we
performed ellipsometric measurements on the thin silver layers of 10 nm deposited
on top of the system Glass/PTB7-Th:PC7;1BM/MoOs3 in order to obtain valid

optical constants.
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Figure 3.15: Experimental EQE (black dots) versus simulated one (continuos

line) for an inverted opaque solar cell.

The significant differences between the constants reported by Palik and the
ones measured at ICFO, shown in Figure 3.16, explained the dramatic reduction
in photocurrent observed in our experiments (Table 3.4). The change in the opti-
cal constants resembles trends that have been published for the case of aggregated
silver [153], suggesting that the flatness and homogeneity of the evaporated thin

layer is far from being as required.
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Figure 3.16: Comparison of a) refractive index and b) extinction coefficient as

measured at ICFO and taken from Palik.
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Table 3.4 shows the PV parameters of the fabricated 4-T device compared to
the theory for such architecture employing the bulk Ag constants and the ones
measured at ICFO. For the simulations, a non-absorbing dielectric of 8 pm and

1.52 refractive index is employed together with Ag layers of 8.5 nm.

Table 3.4: Experimental results and theoretical values of 4-terminal device.

Cell Jse[mA/em?] | Voe[mV] | FF[%] | PCE[%]
front (experiment) 9.20 790.74 67.76 | 4.93
back (experiment) 5.48 770 63.25 | 2.67

front theory (Ag Palik) | 11.06 - - -
back theory (Ag Palik) | 8.57 - - -
front (Ag ICFO) 10.5 - - R
back (Ag ICFO) 5.4 - - R

Provided with the newly obtained Ag constants, we executed further sim-
ulations varying the dielectric layer while keeping the other layers constant as
described in Table 3.5, and found a diminished maximum photocurrent. As
observed in Figure 3.17, the highest sum of photocurrents Js.; and Jgeo, corre-
sponding to the back and front sub-cells respectively, does not outperform the
16.65 mA /ecm? of the best single junction device for the architecture evaluated in

Table 3.5.
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Table 3.5: Configuration of 4-terminal device simulated as observed in Figure

3.10 using ICFO measured Ag index and a 7.5 nm silver layer.

Layer Thickness | Best Best | Js[mA/cm?]

range thick- n

[nm] ness

o]

ITO fixed 135 fixed
Zn0O fixed 10 fixed
PTB7-Th:PC71BM | fixed 100 fixed | 10.03
MoOg fixed 5 fixed
Ag thin fixed 7.5 fixed
Dielectric layer 50-950 230 1.9
Ag thin fixed 7.5 fixed
PFN fixed 1 fixed
PTB7-Th:PC7;BM | fixed 100 fixed | 6.00
MoOg fixed 5 fixed
Ag fixed 150 fixed
Jse1 + Jseo 16.03
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Figure 3.17: Calculated sum of Jg1 and Jgeo using ICFO Ag index against vari-

ations of the dielectric layer for intermediate silver layers of 7.5 nm.

Table 3.6 shows the effect of pushing the silver thickness further down to 4.7
nm, which allows an increase of the total photocurrent to
17.16 mA/cm?. This value represents a subtle improvement in the photocur-
rent of 3% over the single junction device, assuming that the optical constants
obtained for the 10 nm silver films are still valid. To check for this, it would
be necessary to execute the ellipsometric measurements on such thin layers to

observe how much the optical constants deviate.
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Table 3.6: Configuration of 4-terminal device as observed in Figure 3.10 using

ICFO measured Ag index and a 4.7 nm silver layer.

Layer Thickness | Best Best | Js[mA/cm?]

range thick- n

[nm] ness

o]

ITO fixed 135 fixed
Zn0O fixed 10 fixed
PTB7-Th:PC71BM | fixed 100 fixed | 10.06
MoOg fixed 5 fixed
Ag thin fixed 4.7 fixed
Dielectric layer 50-950 50 1.9
Ag thin fixed 4.7 fixed
PFN fixed 1 fixed
PTB7-Th:PC7;BM | fixed 100 fixed | 7.10
MoOg fixed 5 fixed
Ag fixed 150 fixed
Ise1 + Jse2 17.16

Experimental efforts towards fabrication of such ultrathin silver films to study

their properties and viability are described in Chapter 5.

3.3 4-terminal devices with ITO as light entrance elec-
trode and Au inner electrodes
In general, there are different experimental factors that affect optical performance

and morphology of metallic films. These include the deposition rate, base pressure

in the deposition chamber, substrate temperature and the film thickness. In
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particular, we detected that thin silver films (< 10 nm) diverged from their bulk
optical properties. Such changes hindered the potential improvements of the
multi-junction architecture. This limitation motivated us to try other metals for
the 4-terminal architecture. Aluminum and gold were possible materials, as from
literature and previous work performed inside our group we knew that both could
form efficient electrodes for the opaque OSC. From the two options, we opted for
gold given its improved stability and suitability for ultra-thin layers [154]. The

4-terminal structure with gold is depicted in Figure 3.18.

Ag
MoO;,

PTB7-Th:PC,,BM

Au
[ MoO; |
Dielectric NOA 65

Au

MoO;,
PTB7-Th:PC,,BM

Glass/ITO

t

Figure 3.18: 4-terminal architecture using thin gold electrodes.

Before building the complete 4-terminal devices, single junction
semi-transparent devices with gold were fabricated and characterized. The layer
thicknesses in nanometers were: ITO(135)/ZnO(10) /PTB7-Th:PC7;BM(100)/

MoO3(5)/Au(8.5). Table 3.7 shows the average values for the semi-transparent
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solar cells with the best values in parentheses. The FF for a device with such a
thin layer of gold stays remarkably high, with a highest value that resembles that
of an opaque reference device with PTB7-Th:PC71BM.

Table 3.7: Average PV parameters of semi-transparent devices using gold.

=]s([mA/Cm2] Va([mv] FF[%] PCE[%}
9.86 £+ 0.07 (9.93) | 784.52 + 2.80 (788.91) | 67.48 £+ 1.49 (69.34) | 5.22 &+ 0.16 (5.27)

The experimental (squares) and calculated (line) EQE of the semitransparent
device with thin Au are shown in Figure 3.19. A good agreement is observed
between the two curves. Most importantly, a very good match is obtained between
the measured and calculated transmission of the semi-transparent device made
with gold as seen in Figure 3.20, when using the optical constants from the bulk
[155]. In addition, the transmission of a single Au electrode deposited on MoO3
is also compared with the calculated transmission in Figure 3.21, displaying a
very good match. Unlike silver, the bulk constants for gold can be used for the

simulations of the herein fabricated thin layers.
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Figure 3.19: Experimental (squares) and measured (line) EQE values for the

semi-transparent Au device.
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Figure 3.20: Experimental (squares) and measured (line) transmission for the

semi-transparent Au device.
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Figure 3.21: Experimental (squares) and measured (line) transmission for the

semi-transparent MoOg 5nm and Au 8.5 nm electrode.

Using the Au constants from the bulk, we performed similar calculations
as those with the Ag electrodes, and obtained a new map for the sum of the
photocurrents versus the thickness and refractive index of the dielectric. To
perform the calculations we fixed the thicknesses of the rest of the layers, and set

the thickness of both Au electrodes to 8.5 nm, as shown in Table 3.8.
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Figure 3.22: Sum of photocurrents Jg.1 and Jgeo corresponding to back and front
sub-cells respectively, using bulk Au index and varying the refractive index and

thickness of the dielectric layer.

For such a current map, it is observed that the maximum sum of photocur-
rents is below the calculated with the bulk silver constants, but it is above the
calculations performed with the measured silver constants. These results con-
firmed that implementing Au intermediate electrodes could extract the potential

of the 4-terminal structure.
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inner electrodes

Table 3.8: Optimal configuration of 4-terminal device as observed in Figure 3.18

using bulk Au index and a 8.5 nm layer.

Layer Thickness | Best Best | Js[mA/cm?]

range thick- n

[nm] ness

o]

ITO fixed 135 fixed
Zn0O fixed 10 fixed
PTB7-Th:PC71BM | fixed 100 fixed | 10.71
MoOg fixed 5 fixed
Au thin fixed 8.5 fixed
MoOg fixed 62.8 fixed
Dielectric layer 50-950 230 1.2
MoOs3 fixed 20 fixed
Au thin fixed 8.5 fixed
PFN fixed 1 fixed
PTB7-Th:PC71BM | fixed 100 fixed 7.74
MoOj3 fixed 5 fixed
Ag fixed 150 fixed
Jse1 + Jse2 18.45

Once the first step of testing the single junction semi-transparent device was

finished, we fabricated 4-terminal structures using the dielectric NOA 65. The

proposed structure replaces the intermediate silver electrodes in Figure 3.10 with

thin gold electrodes. This architecture is shown in Figure 3.18.
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Table 3.9 shows the experimental results using thin gold. The experimental
structure is composed by the layers in nm: ITO(135)/Zn0O(10)
/PTB7-Th:PC71BM(100)/Mo03(5)/Au(8.5)/ Mo0O3(62)/Dielectric NOA (8 pm)/
Mo0O3(20)/PFN(1)/ PTB7-Th:PC71BM (100)/ MoO3(8)/Ag(100). In practice,
we obtained an improvement in photocurrent of 4%. In Table 3.10 we show the
PV parameters of the sub-cells within the 4-Terminal structure. The efficiency of
the 4-Terminal device corresponds to the sum of the efficiencies of its sub-cells.
Even though a higher photocurrent is obtained, the overall efficiency is slightly
below that of the single device due to losses that appear in the V. and FF of both
front and back sub-cells. Further processing optimization would allow having a
monolithic 4-Terminal device based on thin gold, able to provide higher efficiency

than the best single devices.
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3.3. 4-terminal devices with ITO as light entrance electrode and Au
inner electrodes

Table 3.9: Experimental photocurrent density for the 4-T architecture with gold

compared to single opaque reference.

Subcell 4-T exp.Jsc[mA/cm?] | Ave. Single exp. Jg.[mA/em?]

Front cell 10.24 16.65
Rear cell 7.11 -

Sum of Jsc | 17.35 16.65

Table 3.10: Comparison of PV parameters of semi-transparent devices using gold

versus average of single opaque device.

Device JselmA/em?] | Voe[mV] | FF|%] | PCE[%)
Single opaque 16.65 783.02 71.81 9.36
Front cell 10.24 778.9 64.56 | 5.15
Back cell 7.11 761.82 68.14 | 3.69
4-Terminal with Au | - - - 8.84
0
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Figure 3.23: JV curves of sub-cells within 4-terminal architecture with thin gold

electrodes. Front cell (blue) and back cell (magenta).
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3.4 Conclusions

By numerically determining the optimal layer configuration in a 4-terminal tan-
dem cell of the same active blend on a bi-coated I'TO substrate, we demonstrated
that it is possible to obtain devices that perform better than single junction
devices with an equivalent thickness of active material. In other words, the con-
figuration we proposed is optimal to increase light absorption by using active
layers with thicknesses below 130 nm, able, in principle, to deliver a good elec-
trical performance for the majority of the low band gap polymer cells. We have
used the optical simulations as a guideline to fabricate a proof of principle 4-
terminal device using PTB7:PC71BM blend as the blend material for the active
layers of two inverted sub-cells. We fabricated the two sub-cells on each side of a
1.1 mm thick glass substrate coated on both sides with I'TO. The overall trend of
light harvesting capacity seen in the experimentally measured EQEs for the two
sub-cells of the fabricated devices is in agreement with the EQEs predicted by
the optical model. We have demonstrated that absolutely no degradation in the
electrical performance of the 4-terminal cell relative to the single junction devices

is seen when the two sub-cells are connected in a series configuration.

The theoretical photocurrent improvements of the 4-terminal architectures
when operated independently over the best single junction device reach the 20%
when using silver and 11% when using gold as intermediate electrodes. We fab-
ricated the 4-terminal devices on a one-sided ITO coated substrate based on
PTB7-Th:PC7;BM using both metals as intermediate electrodes. In this way,
a standard full bottom to top fabrication was used. We found an appropriate
dielectric layer to deposit in between the two sub-cells which was innocuous to
the front sub-cell and suitable for the fabrication of the back sub-cell. In such
4-terminal devices based on PTB7-Th:PC;1BM the cells operated independently.

As in the case of the 4-terminal devices on a bi-coated ITO, we observed that ex-
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perimental and theoretical results followed the same trends, once the right optical
constants were employed. By implementing thin gold as intermediate transparent
electrodes, we demonstrated experimentally that the photocurrent of the homo
4-T configuration can be increased by more than 4% relative to an optimal single
junction device. Further optimization in the processing is required to keep the

Voc and FF at their optimal levels in such 4-T architecture.
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Chapter 4

Monolithic CIGS-Perovskite
Tandem Cell for an Optimal
Light Harvesting Without

Current-Matching

As discussed in the previous chapter, 4-terminal devices represent an alterna-
tive to partially circumvent the problem of current-matching in regular tan-
dem solar cells devices. Recent reports have shown outstanding results for 4-
terminal devices employing only PVK, and PVK combined with CIGS or Silicon
[40, 41, 42, 43, 44, 45]. The connectivity complexity of the 4-T modules is, how-
ever, a pending issue. Additional connection schemes have been suggested. On
a theoretical basis, it was proposed to connect an indefinite number of cells in
each one of the branches of a parallel configuration in series until the voltages
of the two branches are matched [156]. However, no practical implementation of
the device configuration was considered. An alternative option proposed piling

up three cells, two of them in a series connection, with these two then connected

89



Chapter 4. Monolithic CIGS-Perovskite Tandem Cell for an Optimal
Light Harvesting Without Current-Matching

in parallel with the remaining one [157]. The latter combination is an interest-
ing proposal to match the voltage but the problem of current-matching remains

unresolved.

In this chapter, we propose a new configuration, denoted as S-P (serial-
parallel) and using PVK and CIGS sub-cells, which is different from the standard
or any other tandem scheme considered until now. We describe an architecture
that, in spite of being monolithic, does not require current-matching between the
PVK and CIGS cells. Performing an optical optimization of the structure, we
predict an efficiency close to 28% using a 1.56 eV band-gap PVK, superior to any
of its constituents’ sub-cells. Furthermore, we discuss the experimental viability

of the proposed architecture.

4.1 Analysis of S-P architecture

The configuration denoted as S-P, is different than the standard or any other
tandem scheme considered until now. As shown in Figure 4.1, the configuration
is formed with a semi-transparent PVK solar cell deposited on top of two CIGS
solar cells laterally connected in series. A schematic drawing of the architecture
with connection nodes numbered from 1 to 3 is shown in Figure 4.2. Voltage-
matching at nodes 1 and 3 from both branches of the circuit may, in principle, be
achieved provided the maximum power point voltage Vyp, of the light-filtered
CIGS cells is close to half the one from the PVK cell. The serial connection
between the two CIGS cells can be implemented by means of laser scribing, a
standard technique for the upscaling of CIGS cells to modules. As seen in Figure
4.1, a 1-D photonic non-periodic dielectric structure (NDS) is inserted on top of
the first CIGS solar cell, serving the double purpose of avoiding short-circuiting
of nodes 1 and 2 and maximizing light absorption for the first and second cell.

The necessary current-matching between the two serial connected CIGS devices
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can be easily obtained by defining an equal area for both.
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Figure 4.1: Schematic drawing of the monolithic multi-junction device composed

of two series connected CIGS cells connected in parallel with a PVK cell.

In the implementation of the optical optimization, we consider an archi-
tecture where the CIGS solar cell is maintained but some changes are intro-
duced to the PVK device, for instance, the use of top and bottom transpar-
ent conductive electrodes (TE). Specifically, the S-P architecture consists of
the semi-transparent PVK cell on top of a CIGS cell separated by the NDS
as follows: Glass/Mo/MoSe/CIGS/CdS/i-ZnO/AZO/ Low-n film/High-n film/
Low-n film/TE /PEDOT:PSS/PVK/PCBM/ TE /MgF2. As TEs for the semi-
transparent PVK we considered 90 nm ITO films. The ITO is chosen instead of
the common FTO due to its better processing compatibility with the underlying
materials and its improved near infrared transmission. Similar thickness of ITO

films, prepared at room temperature, have been employed to form a recombina-
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Vo

"

Figure 4.2: Schematic drawing of the connections of the S-P configuration.

tion layer and top contact in a monolithic tandem architecture with PVK and
Silicon, exhibiting high fill factors [158]. In the S-P configuration considered here,
the optical optimization is performed for a device that includes the NDS between
the inner TE/AZO interface as seen in Figure 4.1. Such an NDS is formed by
combining three layers of intercalated low and high refractive index materials,
and has a two-fold functionality. Firstly, it electrically separates the TE anode
of the PVK and the AZO cathode from the CIGS and, secondly, it confines the
incident sunlight above the PVK band-gap in the PVK absorber layer, while in-
creasing the transparency for sunlight below the PVK band-gap for an efficient
coupling into the CIGS bottom cell. To prevent tunneling from electrical charges
between the PVK and CIGS cells, as the low-n material one may use Mgks, a
highly insulating transparent material exhibiting a refractive index close to 1.38.
For the high-n film, a highly transparent dielectric material with a refractive in-
dex of 2.2 would be the optimal. Possible materials for the high index layer may
be TiO9 or SigN4. Considering the three films, the thickness of the NDS would
be above 500 nm, sufficient, in principle, to prevent electrical charge tunneling.
When the inverse integration optical optimization detailed in section 4.2 is ap-

plied, the EQEs obtained for the NDS separated PVK and CIGS cells are shown
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in Figure 4.3a. We found that three layers provided better results than using
only a single dielectric. Also, implementing five or more low-n and high-n layers

was not considered as the gain in photocurrent was negligible.
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Figure 4.3: a) Calculated EQE for the Perovskite (black) and the CIGS (red)
sub-cells for the optimal configuration. b) Sum of PVK and CIGS photocurrents
densities (black squares) and transmission of the NDS at 700 nm (black line), 710
nm (red), 824 nm (blue dash), 852 nm (magenta dash dot), and 884 nm (green

dash dot dot) as a function of the refractive index of the low-n NDS layer.
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Under the assumption of a negligible extinction coefficient for any of the lay-
ers within the NDS, we observe an enhancement in the maximum short-circuit
current of the PVK and CIGS sub-cells, especially in the wavelength range be-
tween 700 and 900 nm. The NDS fine tuning required to reach maximum PCE
may be extracted from Figure 4.3b where the transmission at 5 different wave-
lengths just above and below the PVK bandgap is shown as a function of the
NDS low refractive index material. In such figure one observes that for the cell
architecture with the highest short-circuit current sum, when the NDS low index
material is close to 1.38, the inverse integration leads to an NDS transmission
larger at longer wavelengths to favour absorption at the CIGS and smaller at
shorter wavelengths to favour absorption in the PVK. Note that the unbalanced
current density in both sub-cells explains why the PCE of the S-P configuration
is considerably larger than the PCE for the current matched tandem, as seen in

Figure 4.4.
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Figure 4.4: PCEs for the tandem (dashed) and S-P (continuous) configurations.
Red lines correspond to a fixed V. for the CIGS solar cells at 660 mV while the
Voc of the PVK is allowed to change from 1080 to 1240 mV. Blue lines correspond

to a fixed V. of the PVK at 1180 mV while the V. of the CIGS is allowed to
change from 600 to 690 mV.

To confirm that such increase in photocurrent in the S-P configuration corre-
sponds to an equivalent increase in PCE, we determined the rest of the electrical
parameters that characterize the overall IV curves employing the single diode
electrical equivalent circuit model. The single diode circuit model was applied to
each branch of the circuit and then the currents were added point by point to
obtain the resulting IV curve. To reach optimal PCEs we set the FF between
80 % and 81 % for all the single junction cells used in the S-P configuration. A
similar procedure was used to determine the optimal configuration for a standard

current matched tandem, which is used as a reference for comparison. Although
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small variations resulting from the IV curves fitting may be found, the FF of the
S-P structure closely approached that of the sub-cell with the highest FF for most
of the cases considered. On the other hand, the V. of the S-P is roughly limited
by the voltage of the branch that has the lowest voltage, as can be seen in Figure
4.5. We studied two cases, one where the V. of the PVK was fixed to 1180 mV
while the V. of the CIGS was varied in the 600-700 mV range, and a second
case where the V. of the CIGS was fixed to 660 mV and the one of the PVK
was allowed to change in the 1080-1240 mV range. The ideality factor, series
resistance, shunt resistance, and saturation current were determined to match
experimental curves when available, as seen in Figure 4.6, or from the computer
generated single junction IV curves exhibiting the targeted Js, FF and V. pa-
rameters. Note that the changes in V. considered in here are not associated to
bandgap modifications which will be considered below. Indeed the V.. ranges
encompass a wide variety of voltages that are often found in experimental CIGS

or PVK single junction devices.
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Figure 4.5: Equivalent V. for the S-P configuration when varying the V. of the
PVK subcell with a fixed V. for the CIGS of 660 mV (red) and for variations of
the CIGS Vywith a fixed PVK V. of 1180 mV.
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Figure 4.6: Fitting of experimental IV curve of a Perovskite cell (squares) Ref.

[160] with model (line) using parameters in Table 4.1.

Table 4.1: Diode parameters for the fitting of an experimental curve in Ref. [160].

Saturation current density [mA/cm?] 4e — 8
Diode ideality factor 2.34097
Resistance [ohmem?] 39le—5
Short-circuit current density [mA/em?] | 22.8

As seen in Figure 4.4, when a PVK cell with a V. of 1180 mV is combined
with a CIGS cell in the S-P configuration, the efficiency remains more less around
the 28% as the V. of the CIGS changes. This PCE is clearly larger than the
PCE from any of the possible tandem configurations also shown in Figure 4.4. In
the event that the V. of the PVK is further increased, PCEs above 29% would

be reachable while for the standard tandem PCEs larger than 27% are, in prin-
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ciple, not possible. This confirms that the S-P configuration clearly outperforms
the standard tandem by more than two percentage points in almost all cases.
Note that, when optimal single junction cells are considered, both configurations
tandem and S-P, will clearly outperform record PCEs for CIGS [51] and PVK

[10] single junction cells.

Provided that in the S-P configuration no current-matching is required be-
tween the PVK and the CIGS cells, a further increase in the PCE may be achieved
by tuning the band-gap of either the PVK or CIGS cells. For PVK cells, sev-
eral authors have considered tuning the band-gap by changing the relative halide
composition and observed an increase in the V.. Although in most cases studied
no clear relationship was established between the V.. and the band-gap, from
the wide band-gap tuning study reported by Noh et al. [37], one may extract a
close to linear correspondence between these two parameters when the band-gap
is changed from 1.57 eV to 2.29 eV. The V. values therein reported are, however,
low in comparison to recent reports. For instance, PVK cells with a measured
band-gap of 1.56 eV have reached a V. as high as 1.19 V [161]. Similarly, for a
higher band-gap PVK of 1.62 eV, a V. of 1.24 eV [160] was recently achieved
which corresponds to a loss-in-potential (difference between the band-gap and
Voc) of 0.39 eV which is close to the thermodynamic limit. Thus, an increase in
Ve may be achievable for the other band-gaps as well, once the charge extraction
contacts and the perovskite composition have been optimized to overcome limit-
ing effects such as the one described in Ref [159]. For this work, the above two
values are taken as references and used to establish a linear relation between the
Vo and the band-gap in the range of 1.51 eV to 1.71 eV, as shown in Figure 4.7.
At present, there are material compositions for PVK cells yielding band-gaps be-
low 1.56 eV [162, 163, 164]. However, such compositions have led to suboptimal

devices, which were not taken as references for this analysis.
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Figure 4.7: Estimate of PVK V. as a function of the PVK bandgap. The two

reference values are marked as vertical lines.
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Figure 4.8: PCE of the CIGS/PVK S-P cells as a function of the PVK bandgap
(squares) and sum of PVK and CIGS halved short-circuit current densities for

the S-P configuration as a function of the PVK bandgap (line).

A monotonic decrease in the total calculated short-circuit current density as
the band-gap increases is observed in Figure 4.8. Note that we have plotted the
sum of the short-circuit density of the PVK with half of the CIGS to account for
the differences in area inherent to the S-P structure. When estimating the PCE
using the same single diode model described above one observes, as can be seen
in Fig. 4.8, an increase in PCE as the band gap of the PVK increases. Although
this may seem counter-intuitive provided the bandgap of PVK is well above the
optimal single junction solar cell bandgap, the explanation is that the bandgap

increase implies a better voltage matching with the CIGS branch of the circuit.
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4.2 Design and experimental considerations of S-P ar-
chitecture

4.2.1 Intercalated non-periodic photonic structure for an optimal
light harvesting

To design the specific architecture for the S-P cell, we set the sum of the photocur-
rents as the target optimization parameter within our numerical calculations. We
use a combined approach using TMM and inverse problem solving, as explained
in Chapter 1. From Figure 4.2, it can be seen that the maximum electrical power

P derived from the device is given by:

P:(chgs—FIpVK)*‘/;)*FF (41)

where Iorgg is the short-circuit current generated by the CIGS solar cell and
Ipyk s the short-circuit current generated by the PVK. V,, and FF are the cor-

responding voltage and fill factor from the parallel connection.

IPVK = JPVK *x (AT) (42)

Jpy i being the short-circuit current density from the PVK and Ap the total

illumination area of the device. Neglecting the dead area, Ar corresponds to:
Ap = A1 + Ay (43)

where A; and Ag are the areas for the CIGS sub-cells (for practical consider-
ations refer to the next subsection). The current flowing through the CIGS cells

must fulfil:

Icigs = A1 * Joigs1 = A2 x Jorase. (4.4)
By simple algebra, one may write the PCE as:
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PCE = ([(A1 * Jorgs1) + (At x Jpvk)] x Vy * FF)/(Panis * Ar)  (4.5)

Using the calculated optical electric field intensities for the CIGS and PVK,
together with their optical constants, the absorption is computed to finally de-
termine the short-circuit current density (Js) for each sub-cell. Jg.’ s for the
PVK and CIGS cells were computed for 10,000 different combinations of layer
thicknesses when varying the absorber layers, the entrance transparent electrode,
and the intermediate dielectric NDS layers. The refractive indexes for each layer
were taken from references [165, 166] for the CIGS solar cell and from references
[167, 168] for most of the layers in the PVK solar cell. The thickness ranges were
always in accordance with the experimental constraints to obtain optimal FF or
Vo for both cells. We assumed an internal quantum efficiency (IQE) of 100%
for the PVK cell as demonstrated in Refs. [169, 170] and 92% for the CIGS solar
cells [171]. In the PCE estimates, we obtained the equivalent parallel voltage V),
and FF by adding the IV curves corresponding to each one of the branches of the

circuit.

4.2.2 Experimental implementation of S-P structure

The CIGS bottom cells in this design can be deposited in the different ways de-
scribed in literature, since there are no special limitations on process temperature
or conditions present at this point. In order to reach the desired efficiency, a de-
position by co-evaporation or precursor selenization seems to be favorable. The
substrate can be rigid (soda lime glass) or flexible (polyimides, steel), especially
in view of possible roll-to-roll production. Back contact is typically Mo around
500 nm. The absorber will be between 2 and 3um thick, followed by a buffer

layer (most likely CdS by chemical bath deposition) and a multilayer of intrinsic
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and doped Zinc oxide as TE. The front contact sheet resistance should be below

10 Ohm/sq for a monolithic cell interconnection.

Concerning the fabrication of the PVK device on top of the CIGS, a number of
constraints are introduced to prevent damage to the bottom CIGS layer. For in-
stance, thermal instability has been observed for the n-type buffer layer in CIGS
solar cells, where atoms tend to diffuse from the buffer to the absorber layer,
significantly reducing the performance of the device by an augmented recombi-
nation. Temperatures above 300°C trigger this process and have been shown to
be detrimental to all PV parameters of CIGS solar cells [172]. Therefore, an-
nealing processes used to manufacture all the layers within the PVK device are
temperature-limited, which excludes the use of frequent configurations like the
mesoscopic PVK on 500°C sintered TiO9. The PVK layer itself does not require
high temperature annealing and neither does the PCBM. On the other hand,
both ITO and InyOs:H have been shown to provide good quality transparent
electrodes at the bottom or the top of PVKs solar cells [44, 173]. Connection
of PVK cells to modules has been reported in the literature [174], some with a

reduced area loss of 3% of the total 16 cm? module area [175].

As with the case of PVK, for the lateral serial connection of the CIGS solar
cells, three structured patterns denominated P1, P2 and P3 are required, as
seen in Figure 4.1. The first pattern P1 and the third pattern P3 separate the
positive and negative contacts of adjacent cells, respectively. The second pattern
P2 allows the negative contact of one cell to be connected to the positive contact
of the following cell. The region between P1 and P3, inclusive, is the dead area
(DA). Typically, laser scribing is employed to define such patterns. If we assume
that the dead area corresponds to a fraction X of the total CIGS active cell area,

then:
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DA =X % (A1 + AQ) (4.6)

Within the optically optimized S-P structure, we consider the effect of the DA
in the total PCE by normalizing it without neglecting the DA. As can be seen
in Figure 4.9, under the assumption of a cell larger than 1 c¢m, the effective loss
in PCE is less than 2% even when the separation between P1 and P3, including
the width of such laser cuts, is as large as 500 um. For separations as small as
100 pm, which have been recently outperformed in the series connection of CIGS

cells [176], the loss in PCE is negligible.

106



4.3. Conclusions

1.00 DA width 100pm/ CIGS 12mm
i A1 A2
0.994 \ DA width 500um/ CIGS 12mm )%M’PFAZ)
L 0.98 DA width 1mm/ CIGS 12mm
O
0_ 4
® 097
N
S ]
€ 0.96
o
Z 4
0.95 1
094 T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25

Figure 4.9: PCE as a function of DA width of the serial connected cells assuming

devices with an area of 12x12 mm?.

4.3 Conclusions

In summary, we proposed and studied a new monolithic tandem configuration
where the constraint of current density matching is removed. Two CIGS cells
laterally connected in series may be connected in parallel with a PVK cell match-
ing the maximum power point voltages. As indicated above, the configuration
studied is monolithic but the currents from the top PVK and the bottom CIGS
cells can be extracted separately. We demonstrated that when the two cells are
electrically separated by a dielectric non-periodic photonic multilayer structure,
such photonic structure can be designed to effectively confine the incident sunlight
above the PVK band-gap in the PVK absorber layer. The same photonic struc-
ture is used to reach an optimal transparency for sunlight below such band-gap

and efficiently couple it into the CIGS bottom cell. Using realistic current state of
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the art parameters for all layers in the multi-junction architecture, we estimated
that PCEs above 28% can be achieved. The PCE of the S-P configuration is
for most of the cases studied two percentage points higher in efficiency than the
estimated for an optimal series connected standard tandem configuration or the
22.6% and 22.1% which are the maximum efficiencies reported for CIGS and PVK
single junction cells, respectively. Any improvement in the sub-cells will further
increase the potential efficiency of the S-P cell. For a successful experimental
implementation of the S-P configuration, the procedures to fabricate high quality
semi-transparent electrodes with the limitations imposed by the layers already
deposited must be improved. In addition, the optical optimization of the NDS
must be made compatible with its role of preventing short-circuiting between the

two sub-cells.
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Semi-transparent Organic

Solar Cells

Throughout the work performed during this thesis with multi-junction organic
solar cells, we have found a common problem, namely, the development of high
quality TEs to be deposited on top of the organic layers. For semi-transparent
electrodes deposited on top of the glass substrates, a vast number of possibilities
exist. However, not all deposition methods used in most of the high quality TEs
are compatible with the fragile nature of the organic films. This represents a
major challenge when fabricating regular tandem devices, 4-terminal devices and
naturally, single junction semi-transparent solar cells. In the tandem devices,
the intermediate electrode functions as an ICL for the recombination of charges,
thus requiring less lateral conductivity. In the case of 4-terminal devices or single
junction semi-transparent devices, the top TEs should exhibit a good lateral
conductivity for the extraction of charges, together with a high level of semi-

transparency in the visible range.

Semi-transparency is perhaps one of the characteristics in which organic ma-

terials offer a winning solution for future integrated photovoltaics. When com-
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pared with other technologies, the almost colorless semi-transparency that can
be achieved with some high efficiency polymers is barely obtained with other
materials such as, for instance, perovskites or amorphous silicon. For this rea-
son, efforts towards the optimization of semi-transparent OSC are of cumbersome
importance in order to be able to launch this technology onto the market.
Several authors have reported their work on semi-transparent OSCs using
different top electrodes including thin metallic films [100, 142], silver nanowires
(AgNWs) [157, 177, 178], highly conductive PEDOT:PSS formulations [179, 180,
181], graphene [182], Ag nanoparticles ink [183, 184], and hybrid layers [185].

In this chapter, we present our studies towards optimization of semi-transparent
devices exploring some of the techniques from the aforementioned for the fabrica-
tion of the top TE. These include the evaporation of metallic thin films, the use of
AgNWs, and the use of thin metal films combined with microgrids. When using
thin evaporated silver films, we perform a wider optical and electrical characteri-
zation. We also show the advantages and limitations of the different systems. Our
findings point towards an evaporated solution for which we further demonstrate

its compatibility with upscaling.

5.1 Device structure with thin silver

PTB7-Th is a high performance polymer material with an absorption maxima
located at 700 nm. When mixed with the PC7;BM, it forms a layer of a neutral
color which is ideal for semi-transparent devices. The device architecture of the
inverted semi-transparent devices is shown in Figure 5.1. The difference between
this and a regular opaque device is introduced in the top electrode, which instead
of being a 100 nm silver layer, is formed by a MAM structure using thin silver in
between two MoOj3 layers. The photoactive layer is a bulk heterojunction blend

consisting of the polymer PTB7-Th or PCE10 as the electron donor and PC71BM
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as the electron acceptor.

Ag
MoO,

PTB7-Th:PC,,BM

ITO

Glass

Figure 5.1: Architecture of a PTB7-Th:PC;BM semi-transparent organic solar

cell.

5.2 Optical characterization of thin silver layers

The UV—Vis transmission spectra of different thicknesses of Ag films are displayed
in Figure 5.2. In all the cases, the films are deposited on top of an eagle glass
substrate with 5 nm MoQOs. Simulated transmissions for the films above 5.77 nm
when employing the optical constants of the bulk Ag are shown in Figure 5.3.
When comparing Figures 5.2 and 5.3, it is observed that as the film gets thicker,
its transmission shape resembles the one predicted with the bulk constants, while
for the thinner films the shape deviates suggesting a plasmonic behavior. In the
latter case, the calculated transmission is overestimated with respect to the actual
values. On the other hand, for the 11 and 13 nm films, the actual transmission is
higher than the calculated one. This can be explained by the reduction in k that

characterizes the thin silver films for the longer wavelengths, as shown previously
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in Chapter 3.
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Figure 5.2: Experimental transmission of thin silver films with different thick-

nesses evaporated on top of a MoOs layer of 5 nm.
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Figure 5.3: Simulated transmission of thin silver films with different thicknesses

evaporated on top of a MoOs layer of 5 nm using the Ag bulk constants.
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Figure 5.4: Experimental transmission of thin silver layers on top of

Glass/ZnO/PTB7-Th:PC7 BM/MoOs.
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Figure 5.5:  Simulated transmission of thin silver layers

on top of
Glass/ZnO/PTB7-Th:PC7;BM a) using bulk Ag constants, b) using constants
measured at ICFO. The arrow indicates the direction of thickness increase. Ag
layers were deposited with thicknesses: 1.22 nm, 2.45 nm, 5.77 nm, 7.55 nm, 11

nm, and 13 nm.
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Figure 5.4 shows the experimental transmission of the structure
Glass/ZnO/PTB7-Th:PC7;BM/MoO3/Ag (variable). Figure 5.5 displays the
simulated transmissions in the cases where the Ag bulk constants or the Ag
thin silver constants measured at ICFO are employed. Similarly to the case of
the thin silver deposited on glass, the bulk constants already represent fairly the
experimental transmission for the thicker films (above 11 nm), while for thinner
layers the modified index is more accurate. For 10 nm layers or thinner, we chose

the modified silver constants for all our calculations.

5.3 Electrical characterization of thin silver layers

5.3.1 Sheet resistance of thin silver films

In order to determine what is the minimum thickness of Ag layer that can still
exhibit lateral conductivity when measuring with the 4-point method, we de-
posited thin silver films on top of MoOj covered glass. As the growth of silver
depends strongly on the seed layer, we also prepared films on top of the blend. All
layers, including the thin silver, were prepared following the protocol explained
in Appendix section B.4. In the calculation of sheet resistance Rs, we used the
resistance obtained from regular IV measurements together with the geometrical
characteristics of the samples and inserted them into equation 5.1. The geomet-

rical characteristics are depicted in Figure 5.6.

R = Rsx*(L/W) (5.1)
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Figure 5.7: Sheet resistance of thin silver films deposited on blend (black squares)

and on glass (red circles).

As shown in Figure 5.7, the sheet resistance of the thin silver is sligthly
higher for the films deposited on top of the blend. To keep the sheet resistance
around values comparables to those of the ITO, the silver film thickness should

not decrease much below 11 nm.
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5.3.2 PV parameters of semi-transparent solar cells with differ-

ent Ag thicknesses

Complementary to the fabrication of single thin silver films to study their elec-
trical and optical properties, we fabricated complete semi-transparent solar cells
using different Ag thickness at the top electrode to verify their performance.
The average PV parameters for the devices are depicted in Table 5.1. Within
all semi-transparent electrodes, there is a natural compromise of transparency
and electrical resistance. For the semi-transparent solar cells, this compromise
implies the determination of a minimun thickness of silver transparent electrode
that can still provide a good FF. From the experimental results, we found that
when pushing the thickness below 7 nm the losses in FF reached 13% compared
to an opaque reference. This significant loss of FF, together with the hindered
transmission of very thin Ag layers due to aggregation, suggest that good quality
films can be only formed with thicknesses of 10 nm or more. For devices employ-
ing a 10 nm silver layer, the efficiency is maintained at 60% of the efficiency of

the opaque device, without including a photonic structure.

Table 5.1: Comparison of average PV parameters for semi-transparent solar cells
with different thicknesses of top silver electrode + capping MoOj using a CB
based PTB7-Th:PC7;BM blend.

Device | Jee[mA/em?] | Voo [mV] FF[%) PCE[%)]

4.77 nm | 10.05 £ 0.06 | 789.17 £2.56 | 53.31 + 4.09 | 4.23%+ 0.40
6.77 nm | 9.26 + 0.23 801.21 +1.82 | 62.27 £ 0.21 | 4.62+ 0.11
10 nm 10.944-0.09 799.47 £ 0.50 | 66+ 0.23 5.77+ 0.03
12 nm 11.82+0.11 798.16 +£1.43 | 64.96+ 0.24 | 6.13% 0.06
Opaque | 16.65+0.13 783.02 £2.10 | 71.81+1.32 9.36+ 0.25
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5.3.3 Optical optimization

Similarly to what has been described for previous configurations, for the semi-
transparent solar cells we set the optimization target parameters and extract the
best solutions out of a large set of calculations. The optimization parameters
are the photocurrent together with the average transmission in the visible range.
We select a minimum transmission of 26%. With this approach we can derive an
architecture that optimizes the efficiency and at the same time guarantees a high
transmittance. The freedom allowed within the different layers is restricted to
experimental constrains, for instance, the thin silver is not allowed to go below

10 nm, following the experimental results presented in Section 5.3.2.
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Figure 5.8: Experimental (squares) and simulated (line) EQE of an encapsulated
semi-transparent OSC with the architecture (in nm) ITO (135)/ PFN(4)/ PTB7-
Th:PC7;BM(100)/MoO3(5)/Ag(10)/MoO3(86).
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As shown in Figure 5.8 the simulated EQE results can describe the values ob-
tained experimentally. Althoug, the matching of the experimental and simulated
curves for the transmission is not exact, the obtained experimental transmission

is around the 30% for the visible wavelengths, as observed in Figure 5.9.
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Figure 5.9: Experimental (squares) and simulated (line) transmission of an encap-

sulated semi-transparent solar cell wih an architecture corresponding to Figure

5.8.

5.4 Microgrids to improve evaporated thin silver qual-
ity

From the studies performed in Section 5.3.2 we concluded that thin Ag electrodes
below 7 nm were not suitable for the fabrication of semi-transparent solar cells due
to FF losses. The problem is aggravated when trying to upscale the devices. In

an attempt to increase the conductivity while maintaining the high transparency
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of an ultrathin silver electrode with a thickness around 5 nm, we designed a
combined structure using the ultrahin silver electrode and a conductive Ag grid
on top. The architecture of a semi-transparent device with a top microgrid is
depicted in Figure 5.10. The Ag grid was evaporated on the semi-transparent
solar cell, using a 4 by 6 mm silver mask with a micrometer grid featuring slots
of 10 pm width and a period of 500 pm. Figures 5.11, 5.12 and 5.13 show the
geometry of the designed masks. A total of 6 lines with a height of 20 nm were

evaporated on top of the thin silver electrode for each solar cell.

PTB7-Th:PC,,BM

ITO

Glass

Figure 5.10: Architecture of semi-transparent organic solar cell using top micro-

grids.
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Figure 5.11: Width of grid slot.

Figure 5.12: Period of grid slots.
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Figure 5.13: View of complete mask with grid.

We observed that using the grid kept the V. and Jg. practically unaffected
while recovering the FF from 53 % to 61 %, equivalent to an improvement of 15%
(Table 5.2). The resultant FF was, however, rather low compared to the best

opaque devices.

Table 5.2: Average PV parameters of thin silver devices with and without top

silver grid.

Cell Jse[mA/em?] | VoemV) FF[%] PCE|%)
4.77 nm 10.05 £+ 0.06 | 789.17 £2.56 | 53.31 + 4.09 | 4.23+ 0.40
Devices with top silver grid of 20 nm | 10.19 805.91 61.07 5.02

5.5 Silver Nanowires (AgNWs)

Significant interest in Ag nanowires (AgNWs) has arisen for their applicability
to solution-processed transparent electrodes. In particular, AgNWs present out-
standing opto-electronic properties such as a high transmittance of around 90%
at 550 nm, combined with a sheet resistance below 20 Ohms/square, being com-
parable with commercial ITO. A large number of studies have reported the use

of AgNWs as bottom electrodes using different blends; however, only a few have
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shown the use of AgNWs as top electrodes in semi-transparent solar cells. This
application is perhaps the most interesting for AgNWs, given that there exists
a wide variety of transparent electrodes that can be deposited on glass but not
as top electrodes due to them damaging of the underlying organic layers. To
familiarize ourselves with the processability of the AgNWs, we fabricated opaque

solar cells with AgNWs in the bottom as depicted in Figure 5.14.

We used AgNWs dissolved in Isopropanol (IPA) from the company Seashell.
The average length was in the range of 15 to 30 pm and the average diameter

from 15 - 35 nm, as specified by the provider.

Figure 5.14: AgNWs as bottom electrode in an inverted opaque device configu-

ration using the blend PTB7:PC71BM.
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Figure 5.15: AFM image of AgNWs.

Figure 5.15 shows that the AgNWs distribute randomly creating an inter-
mixed network. The denser it is, the higher the conductivity of the film but the
lower the transmission. A rather good compromise between sheet resistance and
transmission of the AgNWss layers was obtained using 2000 rpm velocity with
10000 rpm/s acceleration, having sheet resistances on the 15 to 20 Ohms/square
range on top of glass. The transmission of the AgNWs deposited at 2K rpm is
compared to that of a 100 nm ITO in Figure 5.16, showing major differences. A
broadband specular high transmittance above 85% is observed for the AgNWs for
wavelengths above 400 nm, while for 100 nm commercial ITO, the transmittance
is lower for the visible range. The narrow dips of the AgNWs transmittance at

around 350 nm are due to the localized surface plasmon resonance [187].
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Figure 5.16: Transmission of AgNWs layer deposited at 2K rpm (green line)
compared to 100 nm ITO (black line).

Using the regular ZnO thickness (20 to 30 nm) on top of the AgNWs, all the
cells were short-circuited. To prevent shunts coming from the superposition of

AgNWs, different ZnO thicknesses were tested.

Finally, single junction solar cells were fabricated on top of the AgNWs using
thick ZnO layers of around 60 nm and were compared to reference devices with
the same ZnO thicknesses. When looking at the PV parameters of the reference
devices against the AgNWs devices, the latter perform almost as well (Table
5.3). The Js and V. are practically unchanged, while the FF is slightly reduced.
Overall, the AgN'Ws based solar cells reach 95% of the efficiency of the references.
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Table 5.3: Performance parameters of reference inverted PTB7:PC71BM devices

and with AgNWs as bottom electrode.

Device Jse[mA/em?] | Voe[mV] FF[%) PCE[%)

Reference thick ZnO | 12.52 + 0.12 | 743.34 £ 1.87 | 73.17 &+ 1.15 | 6.81 £+ 0.17
AgNWs thick ZnO 12.483 £ 0.51 | 739.20 £ 2.91 | 70.30£ 1.80 | 6.48% 0.28

As the final goal was to use the AgNWs as top electrodes in a semi-transparent
configuration, we fabricated devices using an I'TO bottom electrode and finishing

with the AgNWs as shown in Figure 5.17.

PTB7-Th:PC71BM
Zn0O
ITO
Glass

Figure 5.17: Silver Nanowires as top electrodes for semi-transparent organic solar

cells.

Depositing the IPA-based AgNWs by spin coating directly on top of the evap-
orated MoO3 damaged the cells in all cases. Inverted devices with top AgNWs
have typically been fabricated by replacing the MoO3 with PEDOT:PSS on top of
the blend [177]. The annealing required for PEDOT:PSS, however, is harmful to
the PTB7-Th:PC71BM blend. Several strategies, including modification of PE-
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DOT:PSS to overcome surface energy incompatibilities with the organic blend,
together with milder temperature treatments to avoid damaging the active layer,
led to low quality reference devices. Sticking to the inverted architecture, we
tested the use of an intermediate ultrathin evaporated silver layer to protect the
MoOs. We introduced a 1 nm silver layer, deposited at a rate of 1 A /s, in between
the MoOgs and the spin coated AgNWs. As a protective layer for the AgNWs, we
deposited a ZnO nanoparticles layer of 30 nm on top by spin coating and annealed

it for 1 minute at 70°C. The cell area was defined by mechanically scratching.

Table 5.4: Performance parameters of PTB7-Th:PC7;BM devices and with Ag-

NWs as top transparent electrode and ZnO capping layer.

Device JselmA/em?] | Voe[mV] FF[%)] PCE[%]
ITO-AgNWs/ZnO np | 10.52+0.28 775.84 £7.12 | 60.12 + 0.99 | 4.90 £ 0.12

We observed that only 1 nm of evaporated silver was necessary to be effective
in preventing the damage to the solar cell when spin coating the AgNWs. The
measured EQE for a semi-transparent solar cell employing the combined thin
evaporated silver with the AgNWs is displayed in Figure 5.18. When comparing
this result with published work, it can be seen that the obtained PCE for a cell
of 36% semi-transparency at 550 nm is quite remarkable for devices applying

AgNWs.
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Figure 5.18: Measured EQE of a semi-transparent solar cell

with the architecture (layers in nm): ITO(135)/Zn0sg(20)/PTBT7-

Table 5.5: Comparison of performance parameters of semi-transparent devices

using top AgNWs. The transmission is at 550 nm.

Device Jse Voe FF PCE T
[mA/cm?] | [mV] (%] %] (%]
AgNW/PEDOT:PSS/pDPP5T- 8.48 559 60.22 2.89 56

2:PCBM/ZnO np/AgNW [188]
1TO/ZnO/PCE11:PC71BM:PC61BM/ 14.7£0.7 786 £1 64+ 1 76+12 |6
MoOs3/AgNW+PEDOT:PSS [189]
ITO/ZnO/PTBT- 10.5+0.3 | 775.8 60.1 £1 49 +0.1 | 36
Th:PC71BM/MoO3/AgNW  +  1lnm +7.1
Evaporated Ag/ ZnO np (this work)
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Nevertheless, this approach would only make sense in a scenario that com-
bined a solution- processed fabrication of organic solar cells with certain vacuum-
processed steps. The benefit of such a structure when thinking of an industrial
application where AgNWs are employed is that it avoids the use of the water
based PEDOT:PSS, which has been shown to accelerate the degradation of solar
cells [190].
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Figure 5.19: Transmission of semi-transparent device (orange squares) us-
ing silver nanowires as follows (layers in nm): ITO(100)/ZnOsg (20)/PTB7-
Th:PC7;BM(100)/MoO3(5)/Ag(1)/AgNWs/ZnOnp(30nm) and (grey squares)
ITO(135)/ZnO0sg(20) /PTB7-Th:PCr BM(100) /MoO3(5) /Ag(12) /MoOs3(88).

Using the AgNWs, we were able to fabricate devices with a transmission in
the visible well above 30%, surpassing the transmission of the semi-transparent
devices based solely in thin Ag films, as seen in Figure 5.19. Note that, for the

AgNWs based devices we reached a performance comparable to that of 6.77 nm
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thick silver films based OSC (refer to Table 5.1) , yet with a higher transmission
in the visible. Further increases in the PV parameters like the FF might follow
from an improvement in the quality of the AgNWs themselves, from a reduction
in impurities, and from a careful optimization of the top spin coated AgNWs,
varying concentrations and spin coating conditions. The application of other de-
position techniques for the AgNWs are another route towards optimization. On
the other hand, improvements in the photocurrent might result from implemen-
tation of photonic structures on top, similarly to the case of evaporated silver

films.

5.6 Upscaling of semi-transparent organic solar cells

One important step towards the introduction of organic solar cells to the mar-
ket is demonstrating the scalability of laboratory concepts. Our contribution in
this area focused on the study of serial interconnection of semi-transparent solar
cells based in the high efficiency blend system PTB7:PC7;BM. Our group had
already established a laser ablation system. The laser source consisted of a Verdi-
V6 laser pumping a Mira900-F oscillator, whose laser beam seeds the Legend F
amplifier which is pumped by an Evolution laser (Coherent). This system deliv-
ered a pulsed laser beam with a power of approximately 1 W, a pulse length of
120 fs, a repetition frequency of 1 kHz and a wavelength of 800 nm. Neutral den-
sity (ND) filters were used to attenuate the beam power. A convex and a concave
lens were used as inverse beam expanders in order to change the beam diameter
to match the aperture of the objective. This objective (10x, 0.25 NA) focused the
beam onto the sample for scribing. In order to ablate with a wavelength of 400
nm (800 nm is only weakly absorbed by the absorber blend), a second harmonic

generator (SHG) based on a BBO crystal was used.

Figure 5.20 shows the three laser cuts that are necessary to establish a serial
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Figure 5.20: Sketcth of laser scribes required for serial connection of semi-

transparent solar cells.

connection between the cells. For organic solar cells, the laser scribing is similar
to the already discussed case of CIGS and PVK. The first cut is denominated
P1 and it scribes both the ITO electrode and the ZnO electron transporting
layer. The second cut is denominated P2 and it ablates the organic layer. At
this point, it is important to calibrate the laser power such that the organic layer
is completely cut but without reaching the ITO below. Finally, P3 scribes the
organic layer together with the hole transporting MoOgs and the thin Ag. Care
must be taken to avoid harming the ITO and ZnO layers. The arrows indicate
the direction of current flow inside the structure. A dead area is generated in
between the P1 and P3 scribes, meaning that such an area is not contributing to

photocurrent. In general, it is desired to keep this area as small as possible.

To fabricate serially connected cells, we first deposited ZnO on top of an ITO
covered glass substrate, as explained in section 77. The ITO and ZnO were then
laser scribed. The cuts were inspected in situ with a CCD camera and in detail
with SEM to verify their quality. After the scribing of P1, the cells were put into
the glovebox for deposition of the PTB7:PC7;BM blend. Once the drying period
under vacuum was finished, the cells were scribed inside a protective, hermetic
box which allowed an Ny flow during the laser scribing. This flow helped to

maintain the cell in an inert atmosphere and to remove debris generated during
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the scribing process. The laser reached the solar cell layers from the glass side of
the substrate. The final cut was performed after the top semi-transparent silver
was evaporated. Again, the use of the protective box was intended to prevent

any degradation due to humidity and oxygen.

Using the described system we fabricated and characterized serially-connected
devices. The PV parameters of working proof of concept devices are shown
in Table 5.6. As reference devices we took solar cells of 0.45 cm? area. We
observed that the serial connected cells had a voltage approaching twice that of
the reference device, as expected. The FF of the ablated cells is slightly higher

than the reference devices. A smaller Jg. is expected from the serial connection.

Table 5.6: Performance parameters of serially connected PTB7:PC71BM semi-

transparent devices.

Device Area [em?] | Jo[mA/em?] | Ve [mV] | FF[%)] | PCE[%)
Big reference 0.45 7.98 744.71 53.99 | 3.21
Ablated cell including dead area | 0.345 2.53 1422.42 | 54.93 1.98
Ablated cell excluding dead area | 0.21 4.16 1422.42 | 54.93 3.25

Nevertheless, we observed problems in the connections coming mainly from
the P2 cut. As observed in Figure 5.21, the ablation of the organic layer leaves
protrusions of material on the edges of the cut. The deposition of only 10 nm
silver might not sufficient in some cases to coat the agglomerated edges and
reach the bottom ITO, as it is required for the serial connection. Although the
development of an improved laser scribing method seems necessary to achieve
higher cell efficiencies and reproducibility, the results indicate the viability of

applying laser scribing to semi-transparent cells with the PTB7:PC7;1BM system.

131



Chapter 5. Semi-transparent Organic Solar Cells

Figure 5.21: SEM image of an ablated organic layer on top of ITO/ZnO.

5.7 Conclusions

Deposition of a high quality semi-transparent electrode on top of the active layer
is one of the major challenges within semi-transparent organic solar cells. Several
strategies were implemented for the top semi-transparent electrode in order to
find the option that would lead to the highest efficiencies. The methods studied
included the use of evaporated thin silver layers, a combination of ultrathin sil-
ver layers with microgrids and finally, solution-processed AgNWs. We found that
AgNWs could provide an outstanding transmission and rather good performance,
but their functionality within the device was only guaranteed with an intermedi-
ate evaporated 1 nm silver layer. The combined approach using microgrids and
thin silver proved effective in improving the conductivity of the thin silver film.
The geometry of the microgrid was, however, limited to the fabrication proce-
dure of the masks. Only evaporated grids through a mask were considered so

as to avoid any technique that could harm the underlying organic layer. The
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improvement in FF that followed the attachment of the microgrids on top of a
4.77 nm thin silver was not yet sufficient to provide the highest efficiency de-
vice. We found that the best results for semi-transparent single junction devices
were obtained with a layer of thin silver with a minimum thickness of around
10 nm. Such a film could not only provide the highest FF and efficiency, but
also complied with the criteria of transmission in the visible, around 30%. In
addition, this semi-transparent electrode proved suitable for upscaling, where it
was demonstrated that the laser scribing process to serially connect the cells can
work with semi-transparent devices employing high efficiency polymers such as

PTB7:PC7 BM.
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Chapter 6

Conclusions

In this thesis we examined the enhancements on light harvesting of multi-junction
thin film solar cells using the same or complementary absorber materials, to in-
crease the performance of single junction solar cells. For the determination of op-
timal multi-junction architectures, we employed an inverse integration approach
combined with a transfer matrix calculation of the optical electrical field distri-
bution. In addition, to overcome the problem of charge collection within the
sub-cells intermediate electrodes, we tested different alternatives compatible to

tandem, triple, 4-terminal and to a series-parallel architecture.

In Chapter 2, we described the design of tandem and triple-junction organic
solar cells using the blend PTB7:PC71BM with an optimal light absorption within
the active layers and complying with the current-matching criteria. The devices
were experimentally fabricated, showing, in the case of the tandem architecture,
an improvement in the power conversion efficiency of 12% over the single junc-
tion device. For the optimized triple-junction solar cell, we achieved a solar-to-
hydrogen efficiency of 6%, able to drive a water splitting reaction with minimum
electrical losses. We were able to observe how the electrical field distributes

among the three sub-cells, showing that each sub-cell has maxima in a different
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wavelength portion, irrespective of the fact that the same absorber is employed.

Chapter 3 introduced the study of multi-junction devices in a 4-terminal archi-
tecture, where current-matching is no longer mandatory. Using the blend systems
PTB7:PC71BM and PTB7-Th:PCy;BM, we proposed architectures incorporating
a dielectric layer in between the sub-cells, operating the devices both electrically
connected in series or completely independently. The theoretical photocurrent
improvements of the 4-terminal architectures when operated independently over
the best single junction device reach the 20% when using silver and 11% when
using gold as intermediate electrodes. The numerically calculated trends for the
explored 4-terminal architectures were in good agreement with the experimen-
tal results, once the right optical constants were employed. Furthermore, in
an experimental implementation of the 4-terminal architecture using the blend
PTB7-Th: PC71BM with gold intermediate electrodes, we demonstrated that an
improvement is indeed obtained in the photocurrent over the best single junction
device. This improvement reached a 4% in the photocurrent of the 4-terminal
structure compared to the single junction devices. Additional optimization of

this architecture is required to maintain the V. and FF at their reference values.

In Chapter 4, a new multi-junction architecture was theoretically proposed,
with the advantages of being monolithic and where the constraint of current
density matching is removed. The architecture combines serially connected CIGS
solar cells with a parallel connected perovskite cell to match their maximum power
point voltages. The structure required the implementation of an inner dielectric,
which was properly designed to form a non-periodic photonic structure able to
optimize light absorption in the spectrally complementary sub-cells. PCEs above
28% were estimated for this structure, being for most of the cases studied two

percentage points higher in efficiency than the estimated for an optimal series
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connected standard tandem, and the 22.6 % and 22.1% maximum efficiencies

reported for CIGS and PVK single junction cells, respectively.

Finally, in Chapter 5 we explored different semi-transparent electrodes to be
deposited on top of organic active layers to implement into multi-junction solar
cells. All the studied electrodes were, in principle, compatible with multi-junction
architectures, up-scaling and industrial applications. We  studied
vacuum-processed layers and also solution-processed layers and tested them within
single semi-transparent organic solar cells. The selection criteria was that they
could provide an average transmission of around 30% while keeping a FF close
to the opaque references. We found that such criteria could be met using semi-
transparent cells based in thin silver electrodes, which also proved suitable for

upscaling by means of laser scribing.
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Figure A.1: nk coefficients of ITO (lines) and ZnO (dash)
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Figure A.2: nk coefficients of PTB7:PC7;BM (lines) and PTB7-Th:PC7;;BM
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Appendix B

Experimental procedures

B.1 Fabrication of single, tandem and triple solar cells

with PTB7:PC7;BM

The polymers PTB7 and PFN were purchased from the company 1-Material.
The fullerene PC71BM was purchased from American Dye Source (ADS). Other
materials such as the ZnO precursor based in zinc acetate, was purchased from
Sigma Aldrich. Materials for evaporation such as the pellets for MoOs and Ag
were purchased from Kurt Lesker. No further purification treatments were per-
formed on the materials. The precursor for the solgel ZnO was prepared by dis-
solving zinc acetate dehydrate (Zn(CH3COO)22H20, Aldrich, 99.9%, 1 g) and
ethanolamine (NH2CH2CH20H, Aldrich, 99.5%, 0.28 g) in 2-methoxyethanol
(CH30OCH2CH20H, Aldrich, 99.8%, 10 mL) and stirring for at least 12 h [186].
The PFN was prepared at a concentration of lmg/mL, in methanol. Both ZnO
and PFN acted as electron transporting layers. The blend of PTB7:PC71BM
was prepared at a concentration of 10 mg/mL (1:1.5), dissolved in chloroben-
zene (CB). It was left to stirring for at least 12 hours at 60°C. 3% vol of 1,8-

Diiodooctane (DIO) was added at least 1 hour prior blend deposition. For the
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single devices, a layer of ZnO or PFN was deposited by spin coating on top of the
ITO patterned substrates (15 Ohms/sq). The ZnO was spin coated at around
4000 rpm/s on the ITO and annealed at 150°C for 10 min. PFN was deposited
at 5000 rpm/s. The blend was deposited at 1800 rpm by dynamic spin coating
inside the glovebox. The samples were then left to dry in vacuum for 1 hour
before evaporation. 3 nm of MoQOg, followed by 100 nm of Ag were deposited at
rates 0.5 A /s and 1 A/s, respectively. In the case of tandem devices, after blend
deposition, the ICL was fabricated by thermal evaporation of 7 nm of MoO3 and
0 to 2 nm of Ag followed by the spin coating of the PFN layer inside the glovebox.
A second active layer was deposited on top of the ICL and left to dry in vacuum
for an hour. The tandem device was then finished similar to the case of the single

junction cells.

For the triple junction devices, the materials were similar except for the used
ZnO. In this case, ZnO nanoparticles (N-10, 6083, 2.5 wt % in isopropyl alcohol)
from Nanograde were diluted with isopropyl alcohol (1:1, vol%) before use. Recipe
for PTB7:PC71BM preparation was as described for the tandem devices. PFN
was dissolved in methanol (1.0 mg/ml) in the presence of a small amount of acetic
acid (10 pm/ml), which was filtered with a 0.45pm PTFE filter prior to use.
The triple junction devices were fabricated by spin casting ZnO solution on the
precleaned ITO patterned glass substrates (Lumtec, 15 Ohms/sq) and annealing
at 120°C in the glovebox for 10 min to form a 20 nm electron transporting layer.
The active layer of the front subcell (60 nm) was then spin coated on the ZnO
surface and the films were dried under high vacuum for 1 h. Afterwards, an
ICL similar to the case of the tandem was deposited, composed by MoOs (10
nm, 0.5A/s), ultrathin Ag (0.5 nm, 0.2 A/s) and PFN (10 nm). Then, the active
layer of the middle subcell (105 nm) was spin coated on the PFN surface, dried in
vacuum for 1 h. The second ICL was deposited using exactly the same procedure

as the first one. The active layer of the rear subcell (110 nm) was deposited on
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B.2. Fabrication of 4-Terminal devices with
PTB7:PCr1BM

top of the second ICL and again left to dry in vacuum for 1 h. Finally, MoO3
(5 nm, 0.5A/s) and Ag (150 nm, 1.0 A/s) electrodes were sequentially deposited
through a shadow mask by thermal evaporation, which defined the device area

of 9.0 mm?

. The triple-junction solar cells were encapsulated with glass slides
using a UV-curable epoxy (ELC- 4908, Electro-Lite Corp) in a Ny glovebox before

testing in ambient air.

B.2 Fabrication of 4-Terminal devices with

PTB7:PC;1BM

Commercial one-sided patterned I'TO substrates were covered on the other sub-
strate side with ITO layers deposited by RF sputtering. The bi-coated ITO
substrates were solvent cleaned and treated with ultraviolet-ozone for 10 min on
each side. Fabrication of the bi-coated cells was successfully carried out without
damaging any of the two sides using a lightweight aluminum holder specially de-
signed for the bifacial spin coating processes. The lightweight holder prevented
any scratches on the deposited films by holding the samples only from the edges
during spin coating. Additionally, to further protect the top and bottom surfaces,
vertical sample holders instead of Petri dishes were used during the transportation
of the substrates through the different processing steps.

Sol gel ZnO, prepared as explained in section B.1 was spin coated on the
ITO and annealed at 150°C for 10 min. The process was repeated for the other
side of the ITO substrate, obtaining 30 nm thickness films. The samples were
then transferred into a glovebox for further fabrication steps. An active layer
of PTB7:PC71BM, prepared as in B.1, was spin coated on one side of the I'TO
bi-coated substrate. The active layer of 90 nm was left to dry in vacuum for 1 h,
followed by the evaporation of MoOgs and a thick Ag electrode. After removing

the samples out of the evaporation chamber, a second active layer of 90 nm was
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spin coated on the other side of the substrate and left to dry in vacuum for 1 h.
A 3 nm MoOj layer was deposited prior to the evaporation of a thin Ag layer at a
6 A /s rate using a homemade holder cooled down to -5°C. To finish the structure,
another layer of MoO3 was deposited on top of the device at a rate of 1 A/ s . The
last three layers formed the MoOs /Ag (10 nm)/ MoOs (MAM) electrode with a
four point probe measured sheet resistance of 7 ohms/square. The subcells were
then removed from the inert atmosphere to be externally connected in series and

characterized in air.

B.3 Fabrication of 4-Terminal devices with

PTB7-Th:PC7;BM

PTB7-Th was purchased from 1-Material. The epoxy NOA65 was purchased from
Norland Products. Evaporation Au pellets were purchased from Kurt Lesker. The
blend of PTB7-Th:PC71BM was prepared at a concentration of 10 mg/mL (1:1.5)
dissolved in CB and left to stirring for 12 h at 60°C . ZnO sol gel was prepared
as explained in section B.1 and further diluted to reach a solution of 0.3M (400
mg of Zinc Acetate per 6mL of Methoxyethanol). ZnO was spin coated at 5000
rpm on top of pre-cleaned patterned I'TO substrates with a sheet resistance of 15
Ohms/square. The layer was annealed at 150°C for 10 min. 3% volume DIO was
added to the blend of PTB7-Th:PC7;1BM at least one hour prior to deposition.
The solution was left to cool down at room temperature and then it was deposited
at 2100 rpm by dynamic spin coating inside the glovebox. Then, it was left to
dry in vacuum for 1 hour. A layer of 5 nm of MoO3 was evaporated at 0.5 A /s
followed by a thin silver layer of around 10 nm, evaporated at a 6 A /s rate using
a homemade holder cooled down to -5°C. Thick silver contacts were evaporated
at 6 A /s on the edges of the semi-transparent electrodes to improve the contacts.

A layer of 65 nm of MoO3 was evaporated on top at 1 A /s. Subsequently, NOA65
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was deposited inside the GB using a two step spin coating rate of 500 rpm for 20
secs and then 2000 rpm for 30 seconds. The layer was cured for 8 minutes under
UV light. A thin layer of 5 nm was further evaporated on the NOAG65 layer. The
second silver layer was evaporated under the same conditions as the first thin
silver. Then, PFN at a concentration of 1 mg/mL was deposited at 3000 rpm
by static spin coating on top of the substrates. The second active layer was spin
coated at 2.1K rpm using dynamic spin coating and left to dry in vacuum for at
least 1 hour. To finish the devices, a layer of 5 nm MoOj followed by 150 nm Ag

were evaporated at 1 A/ S.

Devices employing Au were prepared in a similar fashion as devices based in
Ag. For deposition of the Au thin layers, the cooling system was also employed,

with an evaporation rate of 2 A/s.

B.4 Fabrication of semi-transparent devices

The fabrication of such devices started with patterned ITO-glass with a sheet
resistance of 15 Ohms/square. The ZnO and first layer of MoOgs used as elec-
tron transport and hole transport layers respectively, as their energetic levels
match accordingly to the PTB7-Th and PCBM. The procedure for preparation
and deposition of the sol-gel ZnO are as explained in B.1. An active layer of
PTB7-Th:PC7;BM, at a concentration of 10 mg/mL (1:1.5) dissolved in CB or
10 mg/mL (1:2) dissolved in DCB, was spin coated on the ITO substrate. The
CB based blend was deposited at a rate of 1900 rpm while the DCB based blend
was deposited at 1200 rpm to form a layer of approximately 100 nm in both cases.
3% v/v dioodoctane (DIO) was added to the blend solution with CB at least 1 h
before spin coating. The active layer was left to dry in vacuum for 1 h, followed
by the evaporation of 8 nm MoOs and the thin Ag electrode at a 6A /s rate using

a MiniSpektros system from Lesker and a homemade holder cooled down to -5°C.
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Different thicknesses of Ag were studied. To finish the structure, another layer
of MoO3 was deposited on top of the device at a rate of 1A /s. Thick silver was
then deposited on the edges of the thin silver, outside the cell area, in order to
strengthen the contacts. In some cases, the cells were encapsulated inside the
glovebox using a UV curable epoxy. The active area was between 0.06 and 0.09

cm?, which was determined by the overlap between the ITO and the thin silver.

B.5 Measurements and characterization

Current-voltage characteristics of the solar cells were measured under 1 sun AM
1.5 G simulated sunlight (ABET Sol3A, 1000 W/m?) with a Keithley 2420 source
measurement unit. The illumination intensity of the light source (Xenon lamp,
300 W, USHIO) was determined using a Hamamatsu monocrystalline silicon ref-
erence cell calibrated by ISE Fraunhofer. EQEs were measured using a QEX10
Quantum Efficiency Measurement System from PV Measurements. The light
transmission spectra for the fabricated devices were recorded using an UV-Vis
near IR spectrophotometer (Lambda950, PerkinElmer). For the morphology and
thickness studies, a Veeco Dimension 3100 AFM operated under ambient condi-
tions in tapping mode was used. A scratching technique was used for accurate

measurements of layer thicknesses.
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